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Abstract 
 
 
This work describes a study of the synthesis and photoluminescent properties of strontium 
aluminate nano-phosphors co-doped with the lanthanide ions, Eu2+ and Dy3+, and the transition 
metal, Cr3+, prepared via a microemulsion synthesis followed by calcination.    
 
Chapter one presents an overview of persistent luminescence phosphors, as well as the role 
lanthanides play in such phosphors, followed by an in-depth analysis of the mechanisms of 
persistent luminescence.  The second half of the chapter presents a brief review of current 
synthetic methodologies for producing persistent luminescent phosphors, and concludes with a 
discussion of the advantages of the microemulsion synthetic technique especially control over 
particle size and the uniform distribution of the dopant concentration.   
 
Chapter two describes the materials, apparatus and methodology utilized for the synthesis and 
analysis of the strontium aluminate nano-phosphors.  The chapter focuses on the microemulsion 
methodology which was employed throughout this work, and the calcination procedures 
employed, in particular, the development of the two stage oxidative pre-calcination procedure.  
 
Chapter three focuses on the synthesis of a blue emitting Sr4Al14O25nanophosphor doped with 
Eu2+ and Dy3+.  This material was prepared utilizing, for the first time the microemulsion 
technique and two calcination routes were investigated, (i) a single stage calcination procedure, 
and (ii) a two stage calcination procedure, which employed oxidative pre-calcination at 1100°C 
for the first time.  The single stage calcination required large concentrations of boric acid flux to 
produce optimal persistence afterglow characteristics, and also gave rise to impurities, such as 
 vi 
glassy BO3 phases and carbon deposition, on the surface of the phosphor.  For the two stage 
calcination procedure, oxidative pre-calcination was employed, removing the impurities 
identified, as well as lowering the concentration of boric acid required to achieve the optimal 
persistence afterglow.  Significantly, oxidative pre-calcination enhanced the desirable 
characteristics of the phosphor, with deep trap states (I3) and the time constant of long lasting 
afterglow (τ3) increasing by approximately 60% and 50% respectively.  Efficient charge transfer 
mechanisms brought about by the homogeneous distribution of dopant ions as a result of the 
microemulsion route was observed, with significant decreases in both dopant ion concentration, 
and concentration quenching compared to those previously reported.     
 
The fourth chapter reports the synthesis of a green emitting SrAl2O4doped with Eu2+ and 
Dy3+prepared via the microemulsion technique and utilizing the oxidative pre-calcination route 
developed in Chapter 3.  Persistence afterglow spectra revealed increased quantities of deep trap 
states comparable with those of the blue emitting phosphors, as well as efficient charge transfer, 
and reductions in concentration and concentration quenching as was found for the blue 
phosphors, with increases in I3 and τ3 of 50% and 60% respectively, when compared to a single 
stage calcination sample.  
 
Chapter five describes, for the first time the synthesis of “red” emitting Sr4Al14O25 doped with 
Eu2+, Dy3+ and Cr3+, prepared via the microemulsion technique and oxidative pre-calcination 
route.  These red emitting phosphors exhibited efficient charge transfer and concentration 
reductions similar to those observed for the blue and green phosphors, leading to an 
approximately 30-40% increase in afterglow persistence.  
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CHAPTER 1 
GENERAL INTRODUCTION 
 
1.1  Nanoscale Luminescent Materials 
Persistent luminescence phosphors have had a wide range of applications since they were first 
synthesized.  Early sulphide based phosphors were utilised within lamps and CRT display 
monitors, but their use was limited by their unstable nature, and later by their environmental 
and safety concerns due to radioactive dopants which restricted commercial applications1-3.  
The development of strontium aluminate doped with lanthanide elements overcame many of 
the environmental and commercial restrictions4,5 which has led to continuing scientific and 
technological interest in these phosphors.  The application of these new materials broadened 
to include their inclusion within paints for use in highway, airport and building sectors, 
including ceramic and polymer based warning signage, as well as decorative materials in 
displays and instruments6.  They also found an increasing role in technological applications, 
such as field emission displays, and more recently, plasma and LED based technologies7.  
Significant improvement in the performance of persistent phosphors is required to keep pace 
with advancements in their technological applications, as well as increasing their value in 
other applications. 
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Amongst the various possible approaches to improve such phosphors, the synthetic pathway 
by which they are produced may be considered of highest importance.  Systematic control of 
the molecular precursors and their crystallographic transformation during calcination together 
with control over particle size, shape, and size distribution are key areas for such 
enhancement of phosphor properties.  Developments in solution chemistry based routes may 
be considered valuable towards this goal, as they offer several advantages over traditional 
solid state methods as discussed later.                      
 
1.2  Historical Perspective of Persistent Luminescence Phosphors 
Persistent luminescence phosphors were first prepared at the beginning of the 20th century.  
The initial phosphors were zinc sulphides (ZnS) doped with copper and later, manganese8.  
These ZnS:Cu materials exhibited afterglow persistence of up to 40 minutes9.  Co-doping was 
soon investigated, with cobalt being included, which resulted in improved afterglow 
characteristics, and a doubling of the persistence time of the phosphor10. Further advancement 
came with the preparation of persistent phosphors known as Lenard’s phosphors, which 
replaced ZnS with alkaline earth sulphides such as CaS and SrS, and also utilised various 
dopants such as Eu2+ and Ce3+.  These phosphors were then capable of persistent 
luminescence lasting hours11.     
However, sulphide based phosphors faced a number of issues that significantly limited their 
application.  They were chemically unstable due to the sulphide absorbing moisture from the 
surrounding environment to form sulphates, resulting in the destruction of the sulphide lattice 
and degrading their persistence properties1.  The relatively short persistence times of only a 
few hours also inhibited their potential applications.  To overcome this, radioisotopes such as 
promethium (Pm-147) and tritium (H-3)12were added to the phosphors.  Although this  
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resulted in increased phosphorescence, their use was limited due to safety and environmental 
concerns.   
During the late 1960’s lanthanide doped strontium aluminates such as SrAl2O4:Eu2+were 
prepared and shown to be highly efficient phosphors13, with the robust strontium aluminate 
matrix proving to be an excellent host material14.  In the mid 1990’s the strontium aluminates 
were further explored by Matsuzawa et al.15 as a viable persistence phosphor.  They prepared 
these new phosphors by doping a strontium aluminate matrix with Dy3+ and Eu2+ to form 
SrAl2O4:Eu2+/Dy3+, which exhibited strong emission centered at 520nm as well as greatly 
enhanced phosphorescence compared to SrAl2O4:Eu2+and the sulphide based phosphors.  
Since Matsuzawa’s findings, a large number of new compounds have been synthesized, 
exhibiting persistent luminescence with afterglows lasting more than an hour.  These 
phosphors include aluminates15-18, silicates19-21, aluminosilicates22,23, oxysulfides24 and other 
oxides25-26.  Strontium aluminate phosphors exhibit some of the longest persistence times 
amongst such phosphors, and have drawn considerable attention due to their stable nature, 
high quantum yields, and wide range of excitation in the UV region of the spectrum, as well 
as being chemically and biologically inert5,6.        
 
1.2.1  Role of lanthanides in phosphors 
Since their discovery, the use of lanthanides in phosphors have found numerous applications 
in, for example, CRT tubes, scintillators, and luminescence immunoassay and X-ray detector 
systems.  One of the earliest applications was their use in phosphors for domestic lamps.  The 
lanthanides possess unique properties which are responsible for their wide range of 
applications.  Their electronic structure consists of an unfilled 4f shell in which the electrons 
are largely shielded from the atomic or crystalline environment by the overlaying 5d and 5p 
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shells.  As a result of this shielding, the f-electrons retain most of their atomic characteristics, 
and their 4fn energy levels are determined by interactions within the lanthanide ion27-29.   
In many cases, emission from lanthanide ions in phosphors is a result of transitions within this 
f-electron manifold.  The shielded nature of the 4f shell results in f-f emission spectra which 
are characteristically sharp lines, but as a result of the orbital selection rule for electronic 
transitions, namely ΔL = ± 1, they are orbitally forbidden, while many are also spin forbidden, 
ΔS = 0, which results in slow (low probability) electronic transitions from the excited to 
ground state ranging from micro-to milli-seconds30-32.   
There are a small number of lanthanide ions that exhibit broad emission bands, especially 
Eu2+ and Ce3+, 32, where the broad emission arises from 5d-4f optical transitions which are 
orbitally allowed, since ΔL =+1.  The 5d electron has a very strong interaction with the crystal 
field, thus any electron transition is affected by the electronic environment surrounding the 
lanthanide ion.  As a result, the band width and emission wavelength of the lanthanide ion, 
e.g. Eu2+, are affected by the crystal structure of the host matrix33.   
In persistent luminescence phosphors, lanthanides play several important roles, acting as 
luminescence centers, as well as holes, or energy traps, necessary to induce persistence.  
Matsuzawa et al.15 first produced SrAl2O4 co-doped with Eu2+ and Dy3+ which represented 
the first instance of co-doping multiple lanthanides within a single matrix.  For example, 
SrAl2O4:Eu2+ did not exhibit persistent luminescence13, but the addition of Dy3+ resulted in 
extended lifetimes. 
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1.2.2  Luminescence 
Luminescence represents the emission of light, i.e. typically light emitted by sources other 
than a hot incandescent body.  A luminescent material such as a phosphor converts certain 
types of energy into electromagnetic radiation.  While most phosphors will emit in the visible 
range, they may also emit in the UV and infrared regions.  The source of excitation energy 
dictates the classification of luminescence: 
1) Cathodoluminescence, results from excitation by a beam of energetic electrons. 
2) Photoluminescence, results from the excitation by electromagnetic radiation, typically 
UV radiation. 
3) Electroluminescence, results from the excitation by an electrical voltage or field 
passing through a substance.  
4) Chemiluminescence, results from the excitation of a chemical reaction. 
5) Sonoluminescence, results from excitation from a sound wave source. 
6) Triboluminescence, results from the excitation produced by mechanical action on a 
solid. 
 The studies described here on the strontium aluminate phosphors are primarily concerned 
with photoluminescence.   
 
1.2.3  Photoluminescence 
In the most general sense, photoluminescence occurs when an electromagnetic radiation 
source, typically UV light in the form of an absorbed photon, results in the production of a 
higher energy state within a system.  This is followed by spontaneous decay to the ground 
state which results in the emission of a photon.  The emitted photon cannot have a higher 
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energy than the exciting photon, termed down-conversion unless two or more photons are 
responsible for the original excitation, known as up-conversion.   
The spontaneous decay from excited to ground state can be classified into two types, being 
dependent on the nature of both ground and excited states.  When in a singlet excited state, the 
electrons are paired, i.e. they have the opposite spin orientation.  In a triplet excited state these 
electrons are unpaired i.e. the spins have the same spin orientation.  Decay to a ground singlet 
state from an excited singlet state does not require an electron to change its spin orientation 
and is thus termed fluorescence as seen in Figure 1.1.Such transitions are quantum 
mechanically “allowed” (ΔS = 0) and the emissive rates are typically near 108 s−1. These high 
decay rates result in fluorescence lifetimes from 10−9s to 10-7s, on average.  The lifetime 
being the average period of time a fluorophore remains in the excited state. Phosphorescence 
is the emission which results from transition between states of different multiplicity, generally 
a triplet excited state returning to a singlet ground state as seen in Figure 1.1. Such transitions 
are quantum mechanically forbidden (“spin forbidden” since ΔS ≠ 0), and as a result typical 
phosphorescent lifetimes range from milliseconds to seconds, due to the slow radiative 
transition back to the singlet ground state. 
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Figure 1.1  Jablonski diagram of fluorescence and phosphorescence mechanism. 
 
1.3  Mechanism of Persistent Luminescence 
The mechanism of persistent phosphorescence within activated rare earth inorganic phosphors 
is still not fully defined, and several mechanisms have been proposed to explain the process of 
persistent phosphorescence.  Matsuzawa et al.15,34 initially proposed the mechanism shown in 
Figure 1.2 for SrAl2O4:Eu2+,Dy3+. This mechanism was influenced by the work of 
Abbruscato13, who studied the photoconductivity of SrAl2O4:Eu2+ and showed that UV 
radiation induces a hole-type photoconductivity, where holes are trapped at lattice defects and 
the emission of Eu2+is associated with thermal deactivation of these traps.  
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Figure 1.2  Phosphorescence mechanism proposed by Matsuzawa et al.15for 
SrAl2O4:Eu2+,Dy3+ 
 
The excitation and emission spectra were associated with Eu2+, such that: 
Eu2+ (4f7) + hv → Eu2+* (4f65d1) 
Eu2+* (4f65d1) → Eu2+ (4f7) + hv’ 
It was proposed that the excitation generated a hole in the f orbital, and this transition was 
followed by  electron capture from the valence band (VB), which leads to the reduction of 
Eu2+* + e-.  The hole within the valence band would then migrate and be captured by a Dy3+ 
cation to form a Dy4+ cation: 
Dy3+ (4f9) + h+ → Dy4+ (4f8) 
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The return of the trapped holes to the Eu+ sites for delayed emission is triggered by thermally 
activated electron promotion from the valence band to the first unoccupied levels of Dy4+, 
followed by the migration of the trapped hole to a photo-generated Eu+ cation.   
The Matsuzawa proposal has since been found to be an unlikely mechanism for persistent 
luminescence, as a result of the unfavorable nature of the Eu2+ + e- →Eu+ and the Dy3+ + h+ 
→ Dy4+ transitions due to the unstable nature of these species.  Studies by Clabau35-37 and 
Dorenbos28-29 also show this assumption to be unlikely, due to the positions of the valence 
bands of Eu2+ and Dy3+ relative to the conduction band in the SrAl2O4 matrix.   
 
Due to these improbable assumptions of Matsuzawa, Aitasalo et al.16 proposed a modified 
mechanism as seen in Figure 1.3.  Aitasalo proposed that the excitation energy can be 
provided directly to the traps or via the conduction band.  The electron traps are thermally 
bleached at room temperature and feed electrons to the electron-hole recombination process.   
Energy from the trap states is transferred by non-radiative processes to local defect centers 
such as oxygen and strontium vacancies, energy is then further released and transferred to 
ground state Eu2+, creating excited state Eu2+ which can continue to luminescence.  
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Figure 1.3  Proposed mechanism of persistent luminescence by Aitasalo et al.16 
 
This mechanism would require close contact of the defect centers, since the conduction band 
may be too high in energy to be utilised in electron migration.  Aitasalo’s mechanism does not 
utilise the improbable assumption associated with Eu+ and Dy4+sites, and the presence of 
cation and oxygen vacancies have been reported by Abbruscato within calcium aluminate.  
Clabau36 reported that under UV excitation, the concentration of Eu2+ decreases while it 
increases when the excitation ceases until the phosphorescence emission ceases.  This finding 
therefore suggests that Eu2+ participates in the trapping process, contradicting Aitasalo’s 
findings.           
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The location of the lanthanide energy levels within several phosphor host matrices was 
established by Dorenbos29.  This work reduced the speculative nature of previously proposed 
mechanisms, and led to the mechanism proposed by Clabau et al.35 as shown in Figure 1.4.  
This mechanism entails several requirements: (a) the d orbital’s of Eu2+ being located near the 
bottom of the SrAl2O4 conduction band, (b) a Eu2+ concentration that decreases under UV 
excitation, and, (c) all phosphor samples contain a small fraction of Eu3+ ions due to the 
incomplete reduction of Eu3+ to Eu2+ during the synthesis of the phosphor. 
 
Figure 1.4 Phosphorescence mechanism as proposed by Clabau et al.35 for 
SrAl2O4:Eu2+,Dy3+ 
 
In this mechanism, UV irradiation promotes electrons from the occupied 4f levels of Eu2+ to 
empty 5d levels and from the top of the valence band to unoccupied 4f levels of the Eu3+sites.  
The electrons promoted to the 5d levels can be trapped at oxygen vacancy defects which are 
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located in the vicinity of the photo-generated Eu3+cations, while holes created in the valence 
band can be trapped by strontium or aluminium vacancy levels.  Due to this trapping process, 
Clabau theorized that Eu2+ is oxidised to Eu3+ while the Eu3+ sites are reduced to Eu2+.  At 
ambient temperatures, thermal energy results in detrapping and recombination of electrons 
which yields photon emission.  To date, the Clabau process is the most widely accepted 
mechanism to explain details of the phenomenon of persistent luminescence. 
 
1.4  Preparation of Strontium Aluminate Phosphors 
1.4.1  Solid State Methods 
Solid state processes are the most commonly employed synthetic technique for the 
preparation of strontium aluminate phosphors15,34-38,41,42,46.  They have been employed to 
synthesise strontium aluminate lamp phosphors of SrAl2O4:Eu2+(Palilla47, Blasse48) as well as 
the first persistent phosphor, (SrAl2O4:Eu2+,Dy3+) synthesised by Matsuzawa et al.15 
All syntheses by solid state methods proceed through combining mixtures of oxides and 
carbonates that constitute the host material and the dopant activators.  These starting materials 
are typically blended together by various grinding techniques.  These blended precursor 
mixtures are then sintered under a reducing atmosphere at high temperatures, which are 
generally in excess of 1900°C in the absence of a flux49.  Boric acid addition to this process 
reduces the calcination temperature range typically to between 1300 - 1500°C.  The final 
product is a dense sintered mass, which requires significant ball milling in order to obtain a 
final powder form.   
This method has a number of inherent disadvantages.  The high temperatures required for 
formation of the strontium aluminate phosphors have been shown to be detrimental to 
photoluminescence performance, due to increased agglomeration and size and wide 
distributions of particles50-52, and the final ball milling stage yields relatively large particles, 
13 
 
typically in the tens of micron scale, as well as wide particle size distributions.  Rao53  also 
showed that the ball milling process produces additional surface defects that significantly 
decrease the photoluminescence efficiency.  The lack of control over particle size and shape 
also leads to poor homogeneity of dopant ions which also results in poor charge transfer 
processes52.                                                                                                                                                                                                                                                                                                                                                                                      
 
Thus, these limiting issues make the solid state method an inefficient process for the 
production of doped strontium aluminates, while the high calcination temperatures required 
and the lack of control over the numerous defects, also inhibit further improvement of the 
photoluminescent properties and its use in the growing range of technological applications.       
 
 
1.4.2  Chemical Combustion Synthesis    
Combustion synthesis has become a common alternative synthetic route in an attempt to 
overcome the detrimental effects associated with the solid state synthesis54-59.  Synthesis by 
combustion involves the mixing of the precursor materials for host material and the dopant 
ions, typically oxides and nitrate salts, within an aqueous solution.  To this solution a volume 
of combustible material “fuel” is added, such as urea or glycine.  The aqueous blend is then 
placed within a furnace at temperatures ranging between 500-700°C where the combustion 
reaction occurs.  The resultant reaction time is fast, less than ten minutes, yielding a 
voluminous low density mass that requires grinding to obtain a powdered product.   
While furnace temperatures are low, the combustion process itself generates in-situ flame 
temperatures of up to 1500°C55.  
The combustion method both reduces the time taken to obtain a final product compared to the 
solid state route and produces a more homogeneous product60.  As such, it has been successful 
in producing nanoscale strontium aluminate powders; however it still lacks control over 
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particle size and distribution, which results from agglomeration in the final product54,56-60.  
Moreover, while combustion synthesis does not require ball milling, it still requires grinding 
of the product mass to obtain a final powdered form, which is still capable of introducing 
defects53.   The uncontrollable flame temperatures of up to 1500°C generated by the 
combustion typically exceed the temperatures seen in other synthetic methods.  Combustion 
synthesis also produces numerous toxic gases such as NH3, CO2, NOx, NxOx, and hydrides of 
–CN3, which are detrimental as a bulk synthesis route for the production of strontium 
aluminate phosphors.  The rapid rate of combustion, combined with the low temperatures 
required to initiate combustion does not typically result in highly crystalline powders, despite 
high localised temperatures.  A final disadvantage of this route is the lack of an inert 
atmosphere, and as such, non-emitting Eu3+ ions do not reduce to the Eu2+ emitting species.   
To overcome this, further annealing is required at temperatures between 1100-1300°C under 
an inert atmosphere to obtain highly crystalline photoluminescent powdered products57-59.             
 
1.4.3  Sol-Gel Synthesis     
A sol is a dispersion of colloidal particles in a liquid, while a gel is a cross-linked system of, 
for example, a polymer, which contains an interconnected network of pores of submicron 
dimensions within the continuous fluid phase.  The sol-gel process describes the phase 
transformation occurring when a fluid begins to behave as a cross-linked gel.  The sol-gel 
method of synthesising strontium aluminates commences with a precursor solution which 
undergoes hydrolysis in an organic solvent or polymer solution, followed by a drying stage 
typically between 100-200°C.  This is then followed by calcination under an inert atmosphere 
at temperatures that range between 900-1200°C61-64. 
Such sol-gel techniques produce final products which are more homogenous and dispersed, 
and therefore require significantly lower calcination temperatures to produce highly 
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crystalline nanoscale powders.  Thus, the technique offers greater control over the particle 
size producing a more uniform size distribution than the solid state and combustion synthesis 
routes, and so the final product does not generally require significant grinding.  Despite these 
anticipated advantages, phosphors produced by the sol-gel route have been shown to result in 
poor photoluminescence, particularly strontium aluminate photoluminescent persistence, 
which is seen to be consistently shorter compared to the materials produced by the solid state 
route62-64.   
 
1.4.4  Calcination 
In the literature, the calcination stages employed for the production of strontium aluminate are 
similar whichever synthetic technique is employed.  Typically this is achieved in a single step, 
where a precursor solution containing stoichiometric quantities of strontium, aluminium and 
rare earth dopants may be combined with a quantity of a flux (predominantly boric acid) and 
evaporated to dryness.  This precursor powder is then mixed or ground to achieve an even 
distribution of the materials, and is calcined at the temperature required for the particular 
synthetic technique employed.  This single calcination step is carried out in a reducing 
atmosphere to facilitate the reduction of Eu3+ to Eu2+.  In the case of a sol-gel precursor 
material, it does not typically utilise boric acid as a fluxing agent, due to the highly crystalline 
products formed at lower synthetic temperatures.  As noted, combustion synthesis does not 
occur under a reducing atmosphere, and thus requires a subsequent stage in order to 
completely convert Eu3+ to Eu2+.   
 
1.4.5  Role of Fluxing Agents 
Strontium aluminates have generally been synthesised by the solid state route, requiring high 
calcination temperatures (Section 1.4.1).  Boric acid was initially utilised as the flux to 
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accelerate grain growth and the formation of the required crystalline phase within a solid-state 
reaction at lower calcination temperatures41,65,66.  Boric acid is a glass forming system and at 
low quantities, acts as an impurity thereby decreasing the melting point of the pure 
compounds, enhancing the shift from the solid/solid equilibrium to liquid/solid equilibrium, 
and increasing the kinetics of the synthesis.  Chen et al.67 first studied the role that boric acid 
plays in the photoluminescent properties of SrAl2O4:Eu2+,Dy3+ and reported that when it was 
present, the luminescence intensity and persistence time improved significantly compared to 
doped strontium aluminate prepared without it.  Nag and Kutty40-41 investigated the 
mechanisms involved when boric acid is present during the production of photoluminescent 
strontium aluminates and showed that it took part actively in the reaction process, through 
being incorporated into the strontium aluminate matrix replacing aluminium, although it was 
seen to also produce an undesirable strontium-borate glassy phase.  Utilising the Matsuzawa 
mechanism for persistent phosphorescence (Section 1.3), the enhanced photoluminescent 
properties were postulated to be due to acceptor-type defect centers brought about by 
substitutional defect complexes between Dy3+ and boron sites within the matrix.  Tang et al.66 
showed that the boron replacement of aluminium occurred in the (211) plane of strontium 
aluminate which then resulted in shrinkage of the crystal lattice, and this was postulated to 
induce further crystal defects that act as hole trap centers.  The mechanism proposed by 
Clabau et al.35 theorized that boric acid enhanced the photoluminescent properties by 
increasing the depth of these electron traps, which to date remains the most widely accepted 
explanation.   
Although a large number of studies have utilized boric acid during high temperature 
synthesis, the role it plays in achieving lower calcination temperatures is as yet not precisely 
defined.   
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1.4.6  Microemulsion Synthesis 
Inorganic syntheses via microemulsions are capable of producing highly homogeneous 
nanoparticles with a controlled size and narrow particle size distribution, and also allows 
lower temperatures to be utilized in the overall synthesis processes68-70.  These attributes 
suggest the microemulsion synthesis route may address many of the constraints seen in solid 
state and combustion processes of these phosphors, in particular, the requirement for ball 
milling or grinding, high calcination temperatures, which give rise to uncontrolled size 
distributions, as well as the evolution of toxic gases.  Hence, it has the potential to improve 
the photoluminescent properties of this family of phosphors.            
 
In general, a microemulsion refers to clear, thermodynamically stable, isotropic liquid 
systems typically containing three components: two immiscible components e.g. oil and 
water, and a third stabilizing component, i.e. a surfactant.  These systems contain very small 
droplets, ranging in size from 5 nm to 100 nm.  Microemulsions are generally transparent due 
to their particles being smaller than that of the wavelength of visible light.  The surfactant 
employed is comprised of a hydrophobic and hydrophilic component, making it an 
amphiphilic molecule.   
 
In 1959 Schulman71 and co-workers first coined the term microemulsion, however literature 
on the topic dates to 194372.  Microemulsions differ from conventional emulsions in a number 
of ways.  Microemulsions exhibit smaller micelle radii, typically with droplets at least one 
order of magnitude smaller.  Macroemulsions or “emulsions” generally are considered to be 
thermodynamically unstable, viscous and opaque, and require the input of work in the form of 
shear to form.  Macroemulsions may offer a degree of kinetic stability; however they separate 
into the individual components within relatively short time frames.   
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Microemulsions provide significant advantages over other emulsion based systems and 
mixtures due to their superior solubilisation potential and thermodynamic stability, as well as 
spontaneous formation73. Three approaches address the formation and stability of such 
microemulsions:   
1. Interfacial theories, where the surfactant present at specific levels reduces the 
interfacial free energy to a negative or zero value71. 
2. Solubilisation theories, where the hydrophobic phase is solubilised by normal micelles 
and water is solubilised by reverse micelles74.  
3. Thermodynamic treatments which address the formation, stability and droplet size75. 
Schulman71 proposed that lowering of the interfacial tension to a negative value by addition of 
surfactant resulted in spontaneous formation of a microemulsion system.  The mechanisms of 
spontaneous formation have been studied extensively, for example, Ruckstein and Chi75 
postulated that numerous factors need to be considered according to Equation 1.1 based on the 
Gibbs Free Energy equation.  
ΔGm(R) = ΔG1 + ΔG2 - T ΔSmEqn. 1.1 
where ΔGm is the free energy change for the mixture, R is the radius of droplets, at a constant 
ratio of water to oil, ΔG1 is the free energy arising from the accumulation of charges in the 
interfacial region, ΔG2 is the free energy interaction among droplets, TΔSm is the effect 
caused by the entropy of dispersion. 
 
Further work by Holmberg76, also based upon the Gibbs free energy equation, led to Equation 
1.2, which indicates that the formation of a monolayer at the water/oil barrier is responsible 
for a constant value of the interfacial tension, and as such, it is regarded as the most precise 
theory for prediction of spontaneous microemulsion formation to date.   
δγ = -Σ  Γidμi = -Σ ΓiRT d lnaiEqn 1.2 
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where γ is the interfacial tension, Γi is the Gibbs surface excess of component i, μi is the 
chemical potential of component i, aiis the activity of component i, R is the gas constant and 
T is the absolute temperature.  
 
Applications of microemulsions span many technological fields which have increased 
significantly as the understanding of microemulsion science expands and the field of 
nanotechnology grows.  Chhabra et al77 have reviewed microemulsions together with  there 
diverse applications.  More recently the synthesis of inorganic nanomaterials via the 
microemulsion route has been increasingly researched, due to the advantages identified above 
as well as the possibility of offering unique properties in the products that differ from those 
seen in bulk preparations.  Here reverse micelles, which are water-in-oil (W/O) systems, may 
act as aqueous micro reactors78 which facilitate the synthesis of inorganic nanomaterials as 
seen in Figure 1.5.  The use of micelles as micro reactors allows a significant degree of 
control over both particle size and shape.  The size of the aqueous “pools” inside the micelle 
limits the growth of particles.  This size parameter, referred to as w, is conventionally defined 
as the molar ratio of water to surfactant;   
𝑤 = mole ratiomole surfactant 
As w increases so does the size of the aqueous pools as well as the nanoparticles formed 
within it.   
 
Reactions in which inorganic nanoparticles are synthesized occur within this aqueous core 
arise from the random collisions of the reverse micelles due to Brownian motion, which result 
in coalescence of droplets and the bringing together of the reagents as material exchange 
occurs79,80.  In the case of inorganic nanomaterials these reactants often consist of metal salts 
and reducing or precipitating agents as illustrated in Figure 1.5.  These coalesced droplet 
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dimers then separate resulting in micelles containing the synthesized inorganic 
nanoparticles80,81.  
 
Figure 1.5  Schematic representation of reactions within a water in oil microemulsion during 
phosphorescent particle formation. 
 
The microemulsion technique has been utilised to synthesize a broad range of materials such 
as metals82-85 and metal oxide nanoparticles86-89, ceramics90-93, and sulphides94-98.  The 
advantages of microemulsion based synthesis may be applied to the synthesis of doped 
strontium aluminate nano-phosphors, as illustrated in Figure 1.5 and which will potentially 
allow many of the limitations of traditional synthetic methods (Section 1.4) to be overcome.  
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Microemulsions first started receiving significant attention in nanotechnology when they were 
applied to produce metal nanoparticles of Pt, Rh, Pd and Ir by Boutonnet et al99.  Since then, 
numerous metal nanoparticles such as Ag100, Au101, Cu102 and Se103 as well as metal alloy 
particles such as AuAg104 and PtRu105 have been synthesised by this route.  These syntheses 
show a consistent trend in control over particle size and distribution.  Such control has also 
been observed for the synthesis of magnetic nanoparticles such as the iron oxides85-90,106, as 
well as ceramic based phosphors doped with lanthanides such as BaMgAl10O17:Eu3+ and 
YVO4:Nd3+, 92-93,107.  The control over the size, and its distribution, of nanoparticles has led to 
tailoring materials towards an increasingly wide suite of applications. 
 
The utilization of the microemulsion synthesis technique has also been shown to play a role in 
producing highly crystalline materials at significantly lower calcination temperatures 
compared to bulk synthesis methods91,92,107, particularly for ceramic and perovskite type 
materials91,92,108,109.  In such highly crystalline products, the fine size (<3 μm), narrow size 
distribution, low aggregation and spherical morphologies are parameters of importance when 
applied to doped strontium aluminate nano-phosphors, as they play key roles in producing 
efficient persistent phosphors50-52.  Gan et al.108 attributed the reduced calcination 
temperatures and highly crystalline perovskite type mixed metal oxide products to the 
formation of uniform spherical nanoparticles of the metal oxalate precursor powders, thereby 
illustrating the importance of the form of the precursor material.   
 
In addition, Pang89 has shown that the products of microemulsion synthesis enabled the phase 
transition temperature to be lowered significantly.  Fang et al.90 have reported the synthesis of 
SrFe12O19 via microemulsions, which was carried out in a comparison with the co-
precipitation synthesis technique (the common procedure, as utilised by Fang, involves 
mixing the reactants and then adjusting the pH to give a mixed precipitate of products, which 
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are then isolated and calcined).  Here, it was reported that at calcination temperatures of 
900°C the particle size of microemulsion synthesised material remained significantly smaller 
than that of co-precipitated material.  The degree of particle aggregation in the co-precipitated 
product was also seen to be significantly higher, a trend also reported by Zhang et al.93, who 
attributed the narrow range of particle sizes and lack of aggregation to microemulsion droplets 
behaving as individual microreactors.   
 
Of particular interest to the work on doped strontium aluminates prepared via the 
microemulsion technique are the similarly prepared metal oxides such as Y2O3and Gd2O3 
doped with Eu3+, 110,111 prepared by microemulsions.  Sulphides such as CdS95-112, PbS96, 
CuS98 and ZnS97, and ceramics such as doped YVO493, and europium doped Sr2CeO4107, 
BaMgAl10O1792, and doped yttrium aluminium garnet (YAG)91have been examined by this 
synthesis route.  Many of these compounds have been studied extensively for their phosphor 
properties and the microemulsion route has been shown to enhance photoluminescence.  Lee 
et al.91 and Hirai et al111 have attributed such properties to higher density particles with fewer 
voids and higher crystallinity when prepared at relatively low temperatures compared to bulk 
synthesis.  The homogeneous distribution of Eu3+ within the particles has also been reported 
to contribute to the enhanced luminescence properties.  Wakefield et al.86 reported a fivefold 
increase in fluorescence properties of Eu2O3nanocrystals prepared via microemulsions, which 
was attributed to the reduction of excitation migration to quenching sites due to the small size 
of the nanocrystals.  
 
The surfactant component of the microemulsion system plays a vital role in the stabilization 
of the immiscible hydrophobic/hydrophilic phases by lowering the interfacial tension and 
thereby contributing to the spontaneous formation of such microemulsions.  Amongst the 
surfactants utilised in the formation of microemulsions, the anionic surfactant, dioctyl sodium 
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sulfosuccinate (AOT) and cationic surfactant, cetyl trimethylammonium bromide (CTAB) are 
the most common.  During particle formation these two ionic surfactants have been shown to 
provide a high degree of control over particle size and its distribution and shape.  AOT is a 
versatile surfactant, primarily due to its stability when forming microemulsions with a variety 
of hydrophobic organic solvents113, where it is capable of solubilising large volumes of water, 
allowing for a broad range of w values while retaining a spherical micelle shape114.  On the 
other hand, CTAB has a number of unique properties which has led to it becoming an 
increasingly utilised surfactant for the synthesis of inorganic nanomaterials.  The surfactant 
film of CTAB is very flexible compared to that of AOT, which leads to more rapid exchange 
dynamics and allows for high reactant loading115.  This increase in exchange dynamics 
enables CTAB based microemulsions to solubilise significantly larger quantities of high 
concentration aqueous salt solutions while maintaining the stability of the microemulsion 
system116 itself.  CTAB commonly requires the addition of a co-surfactant such as 1-butanol 
in order to form a stable system113, where it has been shown that the size of nanoparticles 
prepared in these quaternary microemulsions are more controllable compared to the 
traditional adjustment of the molar ratio of water to surfactant (w)94.  Such co-surfactants have 
also been used as effective capping reagents to modify a nanoparticle’s surface, improving the 
photoluminescence efficiency of phosphor nanoparticles94-112.  CTAB has also been shown to 
maintain the spherical shape of micelles across a range of these compositions117.   
 
Thus, adoption of the microemulsion technique as a synthetic method for producing strontium 
aluminate nanoparticles co-doped with lanthanides would potentially produce small nanosized 
particles, with a narrow size distribution and at lower synthetic temperatures compared to the 
solid-state and ceramic methods.  These advantages together with the homogeneous dopant 
distribution within the nanoparticles, would allow microemulsion synthesised strontium 
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aluminates to overcome many of the disadvantages outlined (Section 1.4), as well as 
potentially enhancing their photoluminescent properties.      
 
1.5  Current Strontium Aluminate Phosphors 
Blue Emitting Sr4Al14O25Eu2+,Dy3+ phosphor 
Blue emitting Sr4Al14O25:Eu2+ was first reported by Smets et al.118,  where the blue emission 
was centered at 480nm with high quantum efficiency, however persistent luminescence was 
not observed.  The first reported instance of phosphorescence in the blue region occurred in 
the UV spectrum of CaAl2O4:Ce3+,Nd3+, 34, however its persistence time exhibited rapid 
decay and low photon efficiency.  Sr4Al14O25:Eu2+,Dy3+was synthesised shortly after by a 
number of researchers46,119,120 and eventually Lin et al.121 reported anomalous 
phosphorescence at 494nm in a ceramically synthesized Sr4Al14O25:Eu2+Dy3+phosphor, again 
with rapid initial decay.  The high temperatures required for obtaining highly crystalline 
Sr4Al14O25, i.e. 1300-1400°C even with boric acid flux addition, has seen the synthetic 
approaches predominantly limited to that of solid state and combustion synthesis.  As noted in 
Section 1.4, the solid state and combustion synthesis methods introduce numerous material 
limitations detrimental to their photoluminescent properties which also include surface defects 
and poor morphology.  To date, no alternative synthetic method has been successfully utilised 
in order to overcome these detrimental defects and improve the persistence lifetime, and thus 
the photoluminescent efficiency, of Sr4Al14O25:Eu2+,Dy3+ particles.    
 
Green Emitting SrAl2O4:Eu2+,Dy3+ 
Whilst it has been shown1 that phosphors such as blue emitting Sr4Al14O25Eu2+,Dy3+offer 
increased persistent luminescence compared to SrAl2O4:Eu2+,Dy3+, green emitting persistent 
phosphors remain as one of the most researched phosphors, since they provide high quantum 
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efficiency at the wavelengths that offer the highest degree of receptiveness to the human eye 
which are 507nm for inscotopic light (and 555nm for photopic light122).  Since doped SrAl2O4 
emits within this range, it remains an ideal phosphor for numerous applications including 
passive safety systems, security devices and emergency lighting systems.  Following the first 
synthesis by Matsuzawa et al. these materials have been traditionally prepared via solid-
state15,34-38,40,42,43 and combustion syntheses55 where high calcination temperatures and a boric 
acid flux (i.e. 1200–1350 °C) were employed to obtain a single phase38,41,42.  As noted in 
Section 1.4, these methods introduce numerous detrimental performance parameters.  To 
overcome these shortcomings various synthetic techniques have been explored, such as those 
based on sol–gel62,63 as well as and co-precipitation techniques123.  While these techniques 
have achieved a narrower size distribution, and lower calcination temperatures, they exhibit 
luminescence persistence times that are consistently shorter than those seen for solid state and 
combustion synthesis.    
 
Red emittingSr4Al14O25Eu2+,Dy3+,Cr3+ phosphor 
Red emitting phosphors based on Sr3Al2O6:Eu2+,Dy3+ have been studied in terms of their 
luminescence properties124,125.  However, unlike blue or green emitting strontium aluminate 
phosphors, based on the SrAl2O4and Sr4Al14O25matrices these red emitting 
Sr3Al2O6:Eu2+,Dy3+ compounds exhibit very poor emission persistence characteristics, where 
persistence times exceeding 15 minutes have not been reported.  In general, attempts to 
synthesise red persistent phosphors have included a broad range of host matrices and dopant 
ions including, Y2O2S:Sm3+, 126 and Pr doped CaTiO3127. 
 
In order to increase the persistent luminescence, Zhong et 
al.128,129synthesisedSr4Al14O25:Eu2+,Dy3+,Cr3+ using the solid state method, since  Cr3+ has 
been widely utilized in phosphors as an activator with a red emission centre.  Chromium, 
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when doped into Sr4Al14O25:Eu2+,Dy3+, produces red persistence exceeding an hour through 
continuous energy transfer from Eu2+ to Cr3+; for example, Sr4Al14O25:Eu2+,Dy3+,Cr3+has 
been synthesised by Luitel et al.59via combustion synthesis.   
 
1.6  Project Outline 
The studies described in this thesis address the current limitations in the synthesis of 
particulate phosphorescent materials through improvements to their initial synthesis and their 
subsequent calcining.  Initial pre-cursor particles will be formed at the nano-scale via the 
microemulsion route to take advantage of the chemical and size homogeneity that this 
approach offers.  Two approaches to calcination are then explored and a new pre-calcination 
stage, not previously carried out, is introduced and examined as a route towards maintaining 
homogeneous nanoparticles of appropriate size and size distribution which impact on 
emission lifetimes.     
In these studies new approaches to synthesis and calcination are applied to three 
compositional domains of the doped phosphorescent strontium aluminates, spanning the blue 
emitting phosphors (490 nm), the green emitting phosphors (520 nm), and a Cr doped red 
emitting phosphor (600-700 nm), where each was compared to the respective conventional 
reductive calcination process.   
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CHAPTER 2 
METHODOLOGY AND MATERIALS 
 
2.1  Apparatus and Instrumentation  
2.1.1  X-Ray Diffraction 
A Bruker D8 Advance x-ray diffractometer with CuKα radiation was used to obtain the 
diffraction patterns of all strontium aluminate based products. The crystallinity of all samples 
was identified using Powder Diffraction Files (PDF) from the joint committee of powder 
diffraction standards (JCPDS). Sample x-ray data was obtained in the θ-2θ locked couple 
mode with a 2θ interval between 15-75 degrees. Copper Kα1 and Kα2 x-rays with wavelengths 
of 1.5405 and 1.544Å respectively were used to irradiate samples.  Lattice parameters and 
unit cell volumes were calculated using Cambridge Software: UnitCell, least squares 
refinement.      
When a beam of monochromatic X-radiation is directed at a crystalline material, the 
scattering of x-rays by the atoms in a crystalline material produces two distinct results. When 
the x-rays scattered by atoms in different crystal planes (A,B,C in Figure 2.1) are in-phase, 
then constructive interference occurs and a strong diffraction signal is observed. The intensity 
of this diffraction signal depends on the number of atoms within the crystal planes. For 
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example, scattered rays 1' and 2' in Figure 2.1, even though they have different path lengths, 
are completely in phase, and therefore reinforce one another to produce a strong diffraction 
peak. In contrast, when the two scattered rays are out-of-phase, they destructively interfere 
and result in no scattering intensity.  X-ray diffraction from a crystalline material arises 
according to Bragg’s law1: 
nλ = 2dhklsinθ                                                     Εqn. 2.1 
where n is an integer, λ the wavelength of the x-ray source, dhkl the lattice spacing between 
the crystallographic planes (hkl) in the crystal (defined by the Miller indices, h, k and l), and θ 
the angle between the x-ray beam and the crystallographic planes, as seen in Figure 2.1.  Each 
crystalline phase has a set of characteristic d-values.  Each X-ray peak can be characterised by 
its intensity (height or area) and its width.  The intensity depends on the reflecting properties 
of the particular crystal plane2.   
 
Figure 2.1  Schematic illustration of Diffraction of X-rays by atoms in a crystal. 
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From the experimentally obtained d-values major features of the material can be deduced.  
Firstly, the experimentally obtained values may be compared with the JCPDS standard 
crystallographic database so that the diffracting crystallite is identified3 if the crystal 
structures are known, as well as providing a measure of sample purity.  The d-value and its 
corresponding hkl values may also be utilised to calculate the lattice parameters accurately.  
Lattice parameters are the magnitude of the unit vectors a, b and c and α, β, γ which represent 
the angles between a, b, c, which define the unit cell of the crystal.  Calculating the lattice 
parameters allows for changes in the unit cell, such as expansion or distortion arising due to 
atomic substitution, to be observed. Secondly, if a combination of phases is present within the 
XRD patterns, indexing of the unit cell parameters allows for the identification of the 
individual phases that have contributed to the combined spectra.     
In the case of strontium aluminate, the predominant phases associated with persistent 
luminescence are the orthorhombic Sr4Al14O25 host matrix and the monoclinic SrAl2O4 host 
matrix.  Crystallinity of these phases is an important parameter for their emission and 
excitation properties.   
The orthorhombic unit cell (Figure 2.2) is comprised of three unequal axes at right angles: 
                                                       a ≠ b ≠ c, and α = β = γ = 90°.                                  Eqn. 2.2 
 Lattice parameters for orthorhombic crystals can be calculated with d and hkl values obtained 
from x-ray patterns according to: 
                                              𝑑ℎ𝑘𝑙 = �𝑎2ℎ2 + 𝑏2𝑘2 + 𝑐2𝑙2                                      Eqn. 2.3 
And unit cell volume, v = abc. 
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Figure 2.2  Schematic diagram of an orthorhombic unit cell showing the parameters α, β, γ 
and a, b, c. 
 
The monoclinic unit cell (Figure 2.3) is comprised of three (a, b and c) unequal axes, with one 
pair at right angles:  
                                                 a ≠ b ≠ c, and α = 90°, ≠ β, ≠γ                                        Eqn. 2.4 
 
Figure 2.3  Schematic diagram of a monoclinic unit cell showing the parameters α, β, γ       
and a, b, c where α ≠ β ≠ γ = 90°. 
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Lattice parameters for monoclinic crystals can be calculated with d and hkl values obtained 
from x-ray patterns according to: 
𝑑ℎ𝑘𝑙 = � 𝑠𝑖𝑛2𝛽ℎ2
𝑎2
+
𝑙2
𝑐2
−
2ℎ𝑙𝑐𝑜𝑠𝛽
𝑎𝑐
+ 𝑏2
𝑘2
                             Eqn. 2.5 
Unit cell volume can be calculated from the derived a, b and c values according to: 
                                                                    V = abcsin(β)                                              Eqn. 2.6 
Calculation of crystallite size 
XRD peak broadening originates from various effects such as crystallite size, lattice strain, 
and instrumental configuration. The peak properties have been analysed by different methods, 
including simplified integral breadth methods, Fourier methods and double Voigt methods4.  
The most commonly used method for calculating crystallite size from XRD peak broadening 
is the simplified expression obtained by Scherrer as given by:   
                                           𝐷𝑝 = 𝑆𝜆𝐵𝑐𝑜𝑠𝜃𝐵                                                  Eqn. 2.7 
Dp is the volume weighted crystallite size of the scattering particle, in Angstroms, S is the 
shape factor of the particles (e.g. 0.9 for spherical particles, 0.94 for cubic particles), λ is the 
x-ray wavelength, B (in radians) is the full width at half maximum (FWHM) of one of the 
fundamental peaks scattered at an angle of θB as shown in Figure 2.4 where B is equal to: 
                                              𝐵 = 1
2
(2𝜃2 − 2𝜃1)                                          Eqn. 2.8 
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Figure 2.4  Schematic illustration of the full width at half maximum. 
 
2.1.2  Electron Microscopy 
Scanning electron microscopy (SEM) images were obtained with a Phillips XL30 SEM 
operating at 30keV and a working distance of 10mm.  Samples were sputtered with gold to 
prevent sample charging during examination.  The sample was placed onto a thin film of 
carbon tape mounted on an appropriate sized SEM stub.  Excess and loose sample was 
removed with an air pulse and then placed inside a vacuum chamber, which was filled with 
Argon.   
Transmission Electron Microscopy (TEM) images were obtained on a Jeol 1010 electron 
microscope operating at 100keV.  Samples were prepared by ultrasonification of powder 
samples in ethanol creating a dilute aqueous dispersion and placing two drops of the 
suspension upon a carbon film deposited on a 2 mm copper grid.  The technique for 
producing and manipulating the electron beam has been discussed extensively5. 
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2.1.3  Elemental Analysis 
Energy dispersive X-ray microanalyses (EDX) for Aluminium, Strontium, Oxygen, Europium 
and Dysprosium in the samples was performed using an Oxford Energy Dispersive 
Spectroscope (EDS) attached to an FEI Quanta 200 Environmental Scanning Electron 
Microscope.  Analyses were performed at 30keV with a working distance of 10mm. 
 
2.1.4  Infrared Spectroscopy  
The FT-IR instrument used for this work was a Perkin Elmer equipment model Spectrum 100.  
The samples were phosphor powder pressed into a pellet form at a uniaxial pressure of 10 
Tons in the same fashion as in the preparation of KBr discs. 
 
2.1.5  Fluorescence Spectroscopy 
A Horiba JobinYvon Fluorolog-3 FL3-22 Fluorescence Spectrometer was used for all 
photoluminescence measurements.  The light source employed was a FL-1040 
phosphorimeter with a dual lamp housing containing both continuous and pulsed xenon 
lamps.  The fluorolog spectrometer was equipped with a double excitation monochromator 
and a double emission monochromator, containing two 1200 grooves/mm gratings with blaze 
wavelengths of 330 and 500nm respectively.  Emitted phosphorescence excited by the pulsed 
xenon source was measured with a R928P photon counting detector. 
The fluorescence spectrometer contains five basic elements: a source of radiation, an 
excitation monochromator, a sample compartment, an emission monochromator and a 
detector as shown in Figure 2.5. 
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Figure 2.5  Internal arrangment offluroescence Spectrometer.  Further detailed instrumental 
arrangements are provided in “Principles of Fluorescence Spectroscopy” 2nd Edition (1999) 
J.R. Lakowicz, Kluwer Academic/Plenum Publishers Figure 2.1, page 26”. 
Pulsed xenon lamps provide strong continuous emission in the UV-Vis region as seen in 
Figure 2.6, which is necessary to promote excitation in these strontium aluminate phosphors.   
 
Figure 2.6  Spectral output of a continuous xenon arc lamp. 
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Data analysis 
Lifetime measurements of photoluminescent materials were obtained by time correlated 
single photon counting (TCSPC) which is based on measurements in the time domain, and 
multi-frequency and cross-correlated spectroscopy that utilises the frequency domain.   
In TCSPC operation, an excitation light source is pulsed thereby exciting the sample 
periodically.  The light source, optics, and detector are arranged such that, for a given sample, 
no more than one photon is detected. When the source is pulsed, a timer is started, allowing 
the time to be measured when a photon reaches the detector.  Over the course of the 
experiment, a fluorescence decay curve is constructed by measuring the “photon events,” or 
accumulated counts as a function of time as seen in Figure 2.7. 
 
Figure2.7  Typical TCSPC spectra. 
 
In frequency domain operation, the excitation light is sinusoidally modulated.  The emission 
from the sample is also sinusoidally modulated at the same frequency as the excited light.  
The excited state has a finite lifetime; therefore the modulated emission relative to the 
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excitation is offset by a phase angle ϕ.  The intensity of emitted light is lower than that of the 
excitation light and therefore the lifetime can be calculated from the phase delay and/or from 
light demodulation.  A long lifetime yields a highly delayed emission and a large phase shift 
between the excitation and emission radiation as seen in Figure 2.8. 
 
Figure 2.8  Parameters used in frequency-domain measurements, where φ is the phase angle, 
the DC components, DCx and DCf represent the average intensity, the AC components, ACx 
and ACf represent the amplitude. 
 
These two methods are commonly used for lifetime measurements of fluorescence (typically 
ranging between 0.5 and 20 nanoseconds) and phosphorescence (typically ranging between 
nanoseconds to tens of seconds).   
Long persistence phosphors have lifetimes of the order of several hours, and so time, and 
therefore frequency, domain measurements are not appropriate to obtain data over such an 
extended period.  In this case, “Phosphorimetry” is the method utilised for long persistence 
measurements, which is accomplished by exciting the sample with a continuous light source 
(Xe lamp) for a set period of time, in this case 30 minutes.   
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Upon cessation of excitation, photon emission intensity was measured by the detector at set 
time intervals (typically 0.1 seconds).  A phosphorescence decay curve, plotted with the log 
(intensity) as a function of elapsed time, is then constructed.   
 
It has been reported6-8 that this long persistence phosphorescence decay can be analysed by 
applying first, second or third order exponential decay curves to its form by, for example 
employing a least mean squares fitting method. A third order analysis is most commonly used 
which employs the following equation:   
                                                y = I1e-x/τ1 + I2e-x/τ2 + I3e-x/τ3                                   Eqn. 2.9 
 
where y represents the total observed phosphorescence intensity, I1, I2andI3 are constants, x is 
the elapsed time and τ1, τ2andτ3 are the fitted decay constants.  In this third order equation the 
first exponential term corresponds to the intrinsic lifetime of the phosphorescent species e.g. 
Eu2+, while the second exponential term corresponds to the long decay of afterglow due to the 
trapping and de-trapping states of the charge carrier species and the third term corresponds to 
an even longer afterglow decay.   
All the measurements performed using the Horiba JobinYvon Fluorolog-3 fluorescence 
spectrometer employed a maximum slit width of 1nm, to reduce saturation due to the high 
intensity emission of all these synthesised phosphor materials.  Standard decay curves of 
afterglow were measured after 30 minutes of exposure to the xenon lamp.   
 
2.1.6  Sample Annealing 
A Lindberg/Blue Mini-Mite programmable tube furnace (model TF55035C) capable of 
temperatures to 1100°C was used for the heat treatment of all samples.  Powder samples in 
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quartz boats were placed inside a quartz tube, within this furnace.  In the single stage 
calcination process a mixture of argon (95%) and hydrogen (5%) gas was used to purge air 
from the quartz tube and create a mildly reducing environment by attaching O-ring sealed 
caps to each end of the quartz tube.  The gas flow was maintained for the duration of the 
calcination step and was monitored via a flow meter prior to the quartz tube whilea bubbler 
seal was used at the exit.  For oxidative pre-calcination at 1000°C the quartz tube remained 
unsealed for the duration of calcination, allowing an oxygen environment to be maintained.  
Further calcination at 1100°C proceeded as the single stage process, above, under a mildly 
reducing atmosphere.   
 
2.2  Reagents 
Materials employed for the synthesis of strontium aluminates were aluminium nitrate 
nonahydrate Al(NO3)3.9H2O (ACS), europium (III) nitrate pentahydrate Eu(NO3)3.5H2O 
(99.9%), dysprosium (III) nitrate pentahydrateDy(NO3)3.5H2O (99.9%), obtained from 
Sigma-Aldrich.  Strontium nitrate Sr(NO3)2(ACS) was purchased from Fluka.  Ammonium 
carbonate (NH4)2CO3 and boric acid H3BO3(99.5%) were obtained from Sigma-Aldrich, and 
ammonium hydroxide (28%) NH4OH (ACS) from AjaxFinechem.  All materials were used as 
received.  Aluminium nitrate was kept within a desiccator, and weighed directly into solution 
to minimize contact with the atmosphere.  
 
Preparation of the microemulsionsutilized n-heptane C7H16 (ACS) from Merck, butan-1-ol 
CH3(CH2)3OH  from BDH, and cetyl trimethylammonium bromide (CTAB) (>98%) 
C16H33N+(CH3)3Br- from Sigma-Aldrich.Acetone (CH3)2CO (laboratory reagent) and ethanol 
C2H5OH (LR) were purchased from Ajax Finechem.  All glassware was washed with aqua-
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regia prior to use, rinsed with deionised water and acetone, and then dried in a laboratory 
oven at 110°C.   
 
2.3  Experimental Methods 
Microemulsion Methodology 
Microemulsions were utilized to effect control over a wide range of both organic and 
inorganic syntheses due to their ability to overcome solubility limitations, influence reactivity, 
provide homogeneity and act as nano-domain reservoirs limiting product size.  
Microemulsions can be viewed as scale dependant systems microscopically homogenous 
while consisting of a dispersion of micelles of nanometre dimensions9.  Microemulsions form 
spontaneously since they are thermodynamically stable mixtures of oil, water and surfactant 
components10 which form a biphase system.  Amphiphilic surfactants and cationic surfactants 
are generally employed, which usually consist of a primary surfactant together with a co-
surfactant consisting of a medium chain alcohol providing an interfacial layer that provides 
protection from progressive aggregation.  The size of the resultant micelles results from the 
free energy of the curved surfactant interface as dictated by the interfacial film’s elasticity, 
which in turn, is influenced by the alcohol co-surfactant11.  An additional advantage provided 
by such micellar solutions is the reactivity of the total system brought about by the dynamics 
of the surfactant layer, which breaks up and reforms in time periods of milliseconds12, and 
illustrates the importance of the interface dynamics in both achieving highly controlled 
reaction rates as well as controlled particle size distributions through the high interfacial areas 
and small confined reacting volumes.  These characteristics, together with the stability of the 
surfactant interfaces, increase interest in their applications for synthesis of nano-scale 
inorganic particulates especially oxides13.  Here either single microemulsions or double 
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microemulsions may be employed dependent upon the nature and reactivity of the second 
reacting phase. 
 
The chain length of the alcohol co-surfactant plays a contributing role in the stability of 
microemulsions as does the nature of all the reactants, and these effects need to be 
investigated.  The cationic surfactant cetyl trimethylammonium bromide (CTAB) has been 
shown to promote the formation of water-in-oil microemulsions over a comparatively wide 
range of aqueous phase contents, as well as an increased range of solubilisation capacity of 
high concentration metal salt solutions.  Single tail, longer chain alcohols such as butanol 
offer the optimum stability when combined with the surfactant CTAB14, while longer chain 
alkanes provide increased stability when compared with shorter chain alkanes15.  Heptane was 
chosen for the oil phase because of its lower toxicity and volatility when compared to hexane. 
The effect of ionic salt concentration has previously been studied for a wide range of 
microemulsion systems, where 0.4 mol/L is considered to be the peak concentration of a 
metal salt solution for a microemulsion to maintain stability, although evidence of CTAB 
microemulsion systems exceeding this concentration have been reported16.  While 
concentration effects have been studied, neither the effect of the cation charge in the salt 
solution, nor the effect of a metal salt solution containing more than a single dissolved salt has 
yet been explored.  The work described here has established the optimum parameters for the 
solubilisation of a water/metal salt solution within the quaternary system of heptane/1-
butanol/CTAB/aqueous solution.  The effects of concentration and cationic charge of the 
metal salt solution, and the effect of a dual metal salt solution, on microemulsion stability 
have also been evaluated.    
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2.3.1  Method of preparation and characterization  
Aqueous microemulsions containing 1-butanol as the co-surfactant and n-heptane as the oil 
phase were studied since they generally form stable microemulsions with CTAB14-15.  
Microemulsions were evaluated utilising the titration method, where pre-weighed CTAB, 1-
butanol and heptane were titrated with an aqueous solution providing the weight range of the 
titrating solution between the formation of the microemulsion, to the appearance of more than 
one distinct phase or the appearance of a viscous white mixture.  After each drop of titrant 
was added, the mixture was vigorously stirred for 20 seconds and allowed to sit for 90 
seconds prior to observation.  All experiments were carried out at a temperature of 22°C and 
in triplicate.  Results were plotted to obtain the maximum value of wo defined as: 
𝑤𝑜 = mole watermole CTAB    (see Section 1.4.6)                          Eqn. 2.10 
for which the system remained stable, and a typical set of results is presented in Fig 2.9.   
 
2.3.2  The solubilisation of water by microemulsion formation 
 At constant temperature and pressure, a quaternary system has a number of independent 
variables which need to be considered, and as such, few microemulsion systems are identical 
in the parameters that produce stable systems across a large isotropic region.  In order to 
determine which combination of parameters is capable of forming a clear, stable system with 
a large isotropic region, as desired in the present work, the water solubilisation of the system 
was considered by obtaining the wo value (molar ratio of water/CTAB) for each sample, 
where a high value of wo relates to a high solubilisation capacity.    
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Effect of varying the CTAB:Butanol ratio 
 As discussed in Section 1.4.6, cationic surfactants, such as CTAB do not form stable 
isotropic microemulsions without the addition of a co-surfactant.  As a result, the effect of the 
addition of a co-surfactant (butanol) on the water solubilisation capacity was investigated, 
where the CTAB:butanol ratio was varied from 10:90 w/w through to 90:10 w/w via 
increments of 10 w/w.  
 
The solubilisation of water for the quaternary system formed with CTAB, 1-butanol anda 
constant amount of n-heptaneis shown in Figure 2.9. Low viscosity, clear, isotropic systems 
were not observed until the composition reached a weight ratio of 10:90 for the 
CTAB:Butanol system. The solubilisation capacity steadily increases until the peak maximum 
at the 50:50 w/w composition and then steadily decreases in solubilisation capacity with 
increasing 1-butanol weight fraction.     
 
 
Figure 2.9  Effect of the microemulsion stability measured by peak wowith varying 
CTAB:butanol ratios across the range 10:90 to 90:10 in the quaternary mixture of water, 
heptane, 1-butanol and CTAB. 
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From Figure2.9 the peak wo value was observed between 40:60 w/w and 60:40 w/w.  Further 
refinement was undertaken between this range with smaller incremental steps consisting of 2 
w/w. 
 
Figure 2.10 shows the CTAB:butanol ratio between 40:60 w/w through to 60:40 w/w.  The 
peak wo value was observed for the 52:48 w/w system, the optimum w/w ratio for producing 
clear, stable, isotropic microemulsions with a large isotropic region, and this composition was 
used throughout the subsequent experiments described below where the expression  
“w(CTAB + butanol)” represents the optimum mixture containing 52% CTAB by weight and 
48% butanol by weight.   
 
 
Figure 2.10Effect of the microemulsion stability measured by peak wowith varying 
CTAB:butanol ratios across the range 40:60 to 60:40 in the quaternary mixture of water, 
heptane, 1-butanol and CTAB. 
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Effect of heptane content on microemulsion stability 
In order to further explore the stability of the microemulsion and obtain the largest isotropic 
domain, the weight fraction of the n-heptane phase is defined by:  
          whept =  w(hept)w(CTAB+butanol)   (Where w represents weight)            Eqn. 2.11 
The weight fraction was varied across a number of different weight fractions starting from 
w(hept) = 20% w/w through to 70% w/w.   
Figure 2.11 shows the peak wo for all weight fractions of n-heptane.  Low viscosity, clear, 
isotropic systems were observed for all weight fractions. From a w(hept) value of 20% w/w 
the solubilisation capacity steadily increases until the peak maximum at 50% w/w which then 
rapidly decreases with each further incremental addition.  These results are consistent with the 
findings of Friberg and Burasczenska17 which showed a rapid decrease in microemulsion 
stability when hydrocarbon levels exceed 50%.  From Figure 2.11, the 50% w/w heptane 
system produced the most stable isotropic microemulsion and was used all in the subsequent 
studies of microemulsion stability.  
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Figure 2.11Effect of the microemulsion stability measured by peak wowith varying heptane 
weight fraction in the quaternary mixture of water, heptane, 1-butanol and CTAB. 
 
2.3.3Effect of solution ionic strength on microemulsion stability and 
aqueous solubilisation 
The ionic strength of the aqueous phase and its effect on the stability of the microemulsion 
has been studied for a number of different microemulsion systems16-18.  However, these 
previous studies have focused on aqueous solutions with only a single salt dissolved, and 
without examining the valency of the ions in solution.  The synthesis of strontium aluminates 
requires an aqueous solution containing two salts, the divalent strontium and trivalent 
aluminium as their nitrate salts.  Here an understanding of the effects of both cation and anion 
valency and the presence of mixed salts in the aqueous solutions are examined.  
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Figure 2.12  Effect of the microemulsion stability measured by peak wowith varying ionic 
strength solutions containing Na+, Sr2+ and Al3+in the quaternary mixture of ionic salt 
solution, heptane, 1-butanol and CTAB. 
 
Figure 2.12 shows the water solubilisation for separate aqueous solutions containing cations 
Na+, Sr2+ and Al3+ across the concentration range 0.01 mol/L to 1 mol/L.  It has been 
suggested that an aqueous phase containing a single salt with concentrations exceeding 
approximately 0.4 mol/L16-19 will not form stable microemulsions due to a salting-out effect.  
However, in the present work it can be seen from Figure 2.12 that stable microemulsions 
continue to form at salt concentrations as high as 1 mol/L, indicating that a mixture of CTAB, 
butanol and heptane is a highly stable system, capable of solubilising high concentrations of 
aqueous salt solution with little detrimental effect on the stability of the system.   
 
The effect of the cationic charge, Mn+, on the maximum wo value, is noteworthy.  It can be 
seen at each equivalent concentration up to and including 0.4 mol/L, that the higher the 
cationic charge, the smaller the value of maximum wo.  This can be attributed to the 
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electrostatic repulsions between the cationic CTAB head-groups and the metal cations, which 
cause the head-group area to decrease and the packing ratio to increase20.  This causes an 
increased volume of surfactant to enter each micelle, which in turns decreases the maximum 
amount of water that can be solubilzed within the system.  Upon reaching a concentration of 
0.5 mol/L of Al3+ in the aqueous solution, the maximum wo value starts to plateau.  This 
suggests the cationic head-groups have reached their maximum packing density and 
accumulating anions in the double-layer then moderate the cationic repulsion.  While this 
result indicates that the stability of the microemulsion is poorer, it still produces a stable 
microemulsion system.   
 
Having identified that the cationic charge on the metal ions within a microemulsion system 
has an effect on the stability and water uptake of the microemulsion system, an understanding 
of the effect of a dual salt solution was then examined.  The green emitting phosphor SrAl2O4 
exhibits the highest Al:Sr ratio (Chapter 4) at 2:1, therefore all salt solutions studied contained 
a 2:1 mole ratio of aluminium to strontium.    
 
Figure 2.13 shows the water solubilisation for the optimal microemulsion system (as 
determined in Section 2.3.2) with salt solutions ranging from 0.05 mol/L Al3+ and 0.025 
mol/L Sr2+ through to the saturation concentrations of 1.75 mol/L Al3+ and 0.875 mol/L Sr2+.  
The maximum value for wo gradually decreases with each increase in the concentration of the 
salt solution, until a minimum is reached at 0.4 mol/L Al3+ and 0.2 mol/L Sr2+.  Further 
increases to the concentration of the aqueous salt phase produce an increase in the value of wo 
with each further incremental addition until the saturation point, at concentrations of 1.75 
mol/L Al3+ and 0.875 mol/L Sr2+. 
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Figure 2.13  Effect on the microemulsion stability, measured by peak wo,arising from the 
mixed salt solution containing Sr2+ and Al3+in the quaternary mixture of salt solution, heptane, 
1-butanol and CTAB. 
 
The trends seen in Figure 2.13, are similar to those seen for the Al3+salt solutions in Figure 
2.12, indicating that the dual salt system behaves in a similar manner to that of the single salt 
system.  The most noticeable difference between the single and dual salt microemulsion 
systems is in the maximum wo value, which in the dual salt system decreases with increased 
cation charge concentration within the micelles as seen in Fig 2.14. 
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Figure 2.14  Comparison of  microemulsion stability, measured by peak wo, between the salt 
solution of Al3+and the dual salt solution of Al3+ and Sr2+in the quaternary mixture consisting 
of metal salt solution, heptane, 1-butanol and CTAB. 
 
As discussed previously, it has been suggested that an aqueous phase containing a single salt 
with concentrations exceeding approximately 0.4 M, will not form stable microemulsions due 
to the salting out effect.  However, Figures 2.13 and 2.14 clearly shows that the CTAB/1-
butanol/heptane system is capable of forming stable microemulsions with a dual salt system 
containing concentrations of 1.75 M Al3+and 0.875 M Sr2+. 
 
2.4  Preparation of the Phosphorescent Particles. 
Two identical microemulsion solutions (A and B) of CTAB (5.2g), n-heptane (10g) and 1-
butanol (4.8g) were prepared.  Two aqueous phases were then prepared, the first containing 
metal nitrate salts (C), and the second solution containing the precipitating reactants, 
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ammonium hydroxide and ammonium carbonate (D).  Typical volumes of the aqueous phase 
were between 1 and 5mL, corresponding to the desired ‘w’ value of the microemulsion.  The 
maximum water volume for this system that maintained stability was 20% w/v of the final 
solution. 
The metal salt solution (C) and the precipitant reactant solution (D) were then added to 
solutions A and B respectively to form clear and stable micelle solutions.  Both micelle 
solutions [C+A and D+B] were then combined and stirred for 24 hours giving rise to the 
formation of the precursor material containing the mixed metal oxides and carbonates within 
the micelles, See Figures 1.5 and  3.1.  
After 24 hours stirring, when the precursor reactions had reached completion, the micelles 
were disrupted with a 50:50 v/vethanol:water solution and the nanoparticles separated from 
the solution by centrifuging at 5000 rpm.  The centrifuge pellets were then given three 
washing steps using a 50:50 v/v ethanol:water solution, followed by a final washing with 
acetone to remove unwanted products such as the surfactant.  The washed nanoparticles were 
then white in colour. There is no loss of dopant during washing, after the microemulsion 
reaction has finished and the dopant materials isolated.  This was confirmed through AAS 
analysis of the washings. 
 
Phosphor composition  
 
The concentrations of the dopants europium and dysprosium were calculated as a mole ratio 
with respect to strontium within the strontium aluminate matrix, with Eu2+ and 
Dy3+progressively replacing strontium due to their similar ionic radii.   
Table 2.1 shows a typical composition for the blue emitting Sr4Al14O25phosphor as prepared 
in Chapter 3.  For a dopant concentration of 1/2 atom% Eu and 1 atom% Dy (relative to Sr) a 
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mole ratio of Sr:Eu:Dy::3.94:2:4 was prepared, which can be represented stoichiometrically as 
Sr3.94Eu0.02Dy0.04Al14O25.   
 
Formula Mass (g) Mr(g) Conc. (mol/L) Mole ratio at% dopant 
relative to 
strontium 
Al(NO3)3.9H2O 0.562 375.134 0.3 348 348 
Sr(NO3)2 0.091 211.63 0.0857 94 94 
Eu(NO3)3.5H2O  
(2%) 
0.0010 428.06 0.00047 2 0.5 
Dy(NO3)3.5H2O  
(4%) 
0.0019 438.59 0.00087 4 1.0 
 
 
Table 2.1  Typical composition for the blue emitting Sr4Al14O25phosphor with Eu2+ 
andDy3+dopant ions. 
 
 
Table 2.2 shows a typical composition for the green emitting SrAl2O4 phosphor as examined 
in Chapter 4.  For a dopant concentration of 1 atom% Eu and 4 atom% Dy a mole ratio of 
Sr:Eu:Dy::95:1:4 was prepared, which can be represented stoichiometrically as 
Sr0.95Eu0.0 1Dy0.04Al2O4.   
Formula Mass (g) Mr(g) Conc. (mol/L) Mole ratio at% dopant 
relative to 
strontium 
Al(NO3)3.9H2O 0.562 375.134 0.3 200 200 
Sr(NO3)2 0.159 211.63 0.15 95 100 
Eu(NO3)3.5H2O  
(1%) 
0.003 428.06 0. 1 1 
Dy(NO3)3.5H2O  
(4%) 
0.013 438.59 0. 4 4 
 
Table 2.2  Typical composition for the green emitting SrAl2O4 phosphor with Eu2+ 
andDy3+dopant ions 
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Table 2.3 gives a typical value for the red emitting Cr doped Sr4Al14O25 phosphor examined 
in Chapter 5.  For a dopant concentration of 0.25 atom% Eu, 1 atom% Dy and 0.25 atom% Cr 
a mole ratio of Sr:Eu:Dy:Cr::3.94:1:4:1 was prepared, which can be represented 
stoichiometrically as Sr3.94Eu0.01Dy0.04Cr0.01Al14O25. 
 
 
Formula Mass (g) Mr(g) Conc. (mol/L) Mole ratio at% dopant 
relative to 
strontium 
Al(NO3)3.9H2O 0.562 375.134 0.3 348 348 
Sr(NO3)2 0.091 211.63 0.0857 94 100 
Eu(NO3)3.5H2O  
(1%) 
0.0010 428.06 0.00047 1 0.5 
Dy(NO3)3.5H2O  
(4%) 
0.0019 438.59 0.00087 4 1.0 
Cr(NO3)3.9H2O (1%) 0.0017 400.15 0.00084 1 1.0 
Table 2.3  Typical composition for the red emitting Sr4Al14O25phosphor with Eu2+, Dy3+and 
Cr3+dopant ions. 
 
2.4.1  Calcination and flux addition 
The influence of two calcination methodologies have been examined. 
1. A single stage calcination process, where the precursor nanoparticle powders were 
initially dried in air at room temperature. These nanoparticles were then mixed with a 
50:50 v/v ethanol:water solution (5mL) and solid boric acid (to act as a fluxing agent) 
in the range of 10-20 mol%, (with respect to Sr4Al14O25) was added and stirred to 
ensure homogenous distribution of the boric acid and again dried in air at room 
temperature.  This mixture was then heated at 1100°C in a reducing atmosphere (95% 
67 
 
argon and 5 % hydrogen) for 3 hours and cooled at a rate of 50°C per hour to 900°C 
followed by natural furnace cooling to ambient temperature.  The hydrogen 
atmosphere maintained the stability of the lower oxidation state metal oxides at these 
elevated temperatures. 
2. A two-stage calcination procedure, beginning with an oxidative pre-calcination 
process, where the precursor nanoparticle powders were dried at room temperature 
and calcined in an oxygen atmosphere at 1000°C for 2 hours.  The pre-calcined 
powder was then mixed with water:ethanol and boric acid and calcined at 1100°C 
under a reducing atmosphere as in the single stage calcination in (1) above. 
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2.5  Conclusions 
The quaternary microemulsion system consisting of heptane/butanol/CTAB/water has been 
shown to be stable across a broad range of constituent concentrations, which makes it capable 
of forming microemulsions over a broad range of water contents (wo values) allowing the 
tailored synthesis of nanoparticles with a variety of sizes.   
This quaternary system has also been shown to be capable of solubilising aqueous solutions of 
metal salts up to concentrations of 1.75 mol/L, despite literature reports of 0.4 mol/L being 
the upper limit of salt solutions that can be present in a microemulsion before it becomes 
unstable.   
The effect of cationic charge on the metal ion salt solutions was also explored, and found to 
have an effect on the packing ratio of the CTAB head groups at the interface which therefore 
had an effect on the range of wo the microemulsion systems can accommodate.  Increasing the 
cation charge was seen to reduce the peak values of wo. 
Two calcination procedures were formulated for the subsequent synthesis of phosphors 
prepared using this microemulsion system: (i) a single stage reductive calcination route, and 
(ii) the two stage calcination beginning with an oxidative pre-calcination, followed by a 
reductive calcination. 
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CHAPTER 3 
PREPARATION AND CHARACTERIZATION OF DOPED BLUE 
EMITTING Sr4Al14O25:Eu2+,Dy3+ NANOPARTICLES 
 
3.1  Introduction 
As previously noted the methods currently utilized for the synthesis of doped Sr4Al14O25 
include solid state and combustion processes1-11, with their attendant high calcination 
temperatures and ball milling, which yield wide particle size distributions in the micron scale, 
surface defects and inhomogeneous dopant distributions12-14, all of which reduce 
luminescence persistence.  Enhanced persistence of doped Sr4Al14O25 depends on highly 
crystalline phase formation, narrow size distribution, spherical morphology and particle 
dispersion13-15.   
 
The reverse microemulsion synthetic route is a useful technique for the synthesis of complex 
inorganic compounds, and has not been previously utilised for the synthesis of the Sr4Al14O25 
structure.  Reverse microemulsions have demonstrated the ability to produce particles in the 
nanometer range with a narrow particle size distribution16-18.  This route would potentially 
alleviate the need for ball milling, thereby reducing surface defects created by the impact of 
such milling, as well as produce homogenous ion distributions at lower calcination 
temperatures16. 
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The use of microemulsion systems to synthesise nanoparticles can also lead to a significant 
lowering of the calcination temperature required for phase pure samples.  This may be 
attributed to the constituent ions forming nanosized domains inside the micelles, which leads 
to a shortening of the intermolecular diffusion distance between the reactants, and enhanced 
precursor activity.  It has also been reported that in emulsion systems generally a more 
homogeneous precursor can be obtained19. 
 
Boric acid has been used as a high temperature flux for synthesis of the strontium aluminates, 
where it was also shown to lower the high calcination temperatures typically required for the 
preparation of a pure Sr4Al14O25 phase by several hundred degrees, and facilitate a deeper 
distribution of dopant ions within the matrix lattice5,20,21.   
This chapter aims to explore the utilisation of the reverse microemulsion synthesis route for 
the preparation of Sr4Al14O25 persistent phosphors, by reducing a number of detrimental 
properties that other synthetic routes introduce, particularly the calcination temperatures.  In 
addition, this work explores the role of boric acid to further reduce these calcination 
temperatures. 
 
3.2  Preparation of doped Sr4Al14O25:Eu2+,Dy3+ nanoparticles 
Figure 3.1 illustrates the flow scheme adopted for the synthesis of strontium aluminate 
nanoparticles using the reverse micelle procedure.  Two identical ternary mixtures of 
surfactant (cetyl trimethylammonium bromide (CTAB)), heptane and butanol with a weight 
ratio of 24:26:50 were prepared (designated solution A and B).  Aluminium nitrate, strontium 
nitrate, europium nitrate, and dysprosium nitrate were dissolved completely in 5mL of water, 
to provide a concentration of Al3+ of 0.2M, while the concentration of Sr2+ was 0.05714M, 
and these concentrations were kept constant for all the preparations performed here to  
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maintain the Sr4Al14O25 stoichometry of the host matrix.  The europium nitrate concentration 
was varied between 0.286mM and 2.285mM, while that of dysprosium nitrate varied between 
2.285mM and 13.7mM.  This aqueous dopant solution (B) was added to solution A to form an 
inverse micellar solution (solution C). 
 
Figure 3.1  Synthesis of blue-emitting persistent afterglow strontium aluminate nano-
phosphor. 
 
 
75 
 
A second aqueous solution of ammonium carbonate (0.06M) dissolved in 5mL of ammonium 
hydroxide was then prepared, designated solution B in Figure 3.1.  Again this composition 
was kept constant for all preparations.   This aqueous solution was added to solution B to 
form an inverse micellar solution (solution D).   
 
The two micellar solutions C and D were then mixed under vigorous stirring and reactions 
such as:  
Sr(NO3)2(aq)+ (NH4)2CO3(aq)→ SrCO3(s)+2NH4++ 2NO3-(aq) 
Al(NO3)3(aq) + 3NH4OH(aq)→ Al(OH)3(s) + 3NH4+(aq) + 3NO3-(aq) 
proceeded within the micelles resulting in a solution that became cloudy white. Stirring was 
maintained for 24 hours to ensure completion of reaction, after which, the micelles were 
disrupted and dissolved with a 50:50 ethanol:water solution, and the nanoparticles extracted 
by centrifugation at 5000rpm.Three washing steps using 50:50 ethanol:water solution, 
followed by a final washing with  acetone, were undertaken to remove all unwanted products 
such as the surfactant.  The washed nanoparticles, designated the “precursor” remained white 
in colour, and represented a homogeneous mixture of hydroxides and carbonates of 
aluminium and strontium as well as the carbonates of the rare earth dopant ions. 
 
Calcination routes 
Single stage calcination, (as shown in Figure 3.1) involved precursor powders being air dried 
at 115°C for 24 hours.  Boric acid was then added and calcination undertaken at 1100°C for 3 
hours in a reducing atmosphere (95% argon and 5 % hydrogen) followed by cooling at a rate 
of 50°C per hour to 900°C and then by natural cooling in the furnace to ambient temperature.   
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In the alternate “oxidative pre-calcination route” (Figure 3.1), the precursor powder was dried 
at room temperature and then pre-calcined in an oxygen atmosphere at 1000°C for 2 hours to 
form a mixed oxide phase free of carbonates according to: 
Al(OH)3(s)→ Al2O3(s)+ H2O(g) 
SrCO3(s)→ SrO(s)+ CO2(g) 
SrO + Al2O3→ SrAl2O4 
Solid boric acid was then added after cooling to room temperature, and the mixture heated at 
1100°C in a reducing atmosphere (95% argon and 5 % hydrogen) for 3 hours and cooled at a 
rate of 50°C per hour to 900°C followed by natural furnace cooling to ambient temperature.     
 
The effect of temperature on matrix formation of undoped Sr4Al14O25 
To synthesise persistent afterglow particles possessing high phase purity using lower 
calcination temperatures compared to the range reported 1300-1400°C with boric acid 
addition for phase pure samples3-7,9-11, the influence of temperature on the phase transition 
behavior was examined by X-ray diffraction.  The XRD patterns recorded after calcination of 
the precursor material at 1100°C are shown in Figure 3.2, where a mixed phase consisting of 
diffraction peaks for SrAl2O4 (#34-0379), SrO(Al2O3)6  (#70-0947) andSr4Al14O25(#74-
1810) was observed.  Therefore, to facilitate low temperature formation of a pure phase 
Sr4Al14O25, boric acid was used as a fluxing agent. 
 
The XRD patterns recorded after calcination of the precursor material at 1000°C and 1100°C 
with 15 mol% boric acid flux are also shown in Figure 3.2.  At 1000°C a mixed phase was 
present with diffraction peaks indicating the presence of Sr4Al14O25,SrO(Al2O3)6 and 
SrAl2O4.At 1100°C a highly crystalline phase pure, Sr4Al14O25 (# 74-1810) was observed 
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having an orthorhombic structure with space group Pmma. This represents the first reported 
formation of Sr4Al14O25 at such low calcination temperatures, indicating the effect 
microemulsion synthesis of the precursor has on this phase formation, where boric acid flux 
also plays a clear role in reducing the temperature required for phase formation (Section 3.3). 
 
 
Figure 3.2  XRD patterns of undoped Sr4Al14O25prepared via single stage calcination at                
(a) 1100°C and (b) 1000°C with boric acid (c) 1100°C with boric acid.  
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3.3  Phosphor Formation via Single Stage Calcination 
Influence of boric acid concentration on doped phase formation 
Figure 3.3 shows the XRD patterns of Sr4Al14O25 phosphors co-doped with Eu2+0.02 and 
Dy3+0.04 (i.e. Sr3.94Eu2+0.02Dy3+0.04Al14O25) prepared using a single stage calcination with the 
addition of 0, 5, 10, 15, 20, 30 and 40 mol% H3BO3(with respect to Sr4Al14O25) respectively 
at 1100°C.  The formation of doped Sr4Al14O25 without boric acid yielded the phases 
Sr4Al14O25 (#74-1810) and SrAl2O4 (#34-0379) as the primary components.  On addition of 5 
mol% boric acid the SrAl2O4phase diminished and the highly crystalline Sr4Al14O25 became 
dominant.  Upon increasing the boric acid concentration to 10 mol%, highly crystalline and 
phase pure Sr4Al14O25 was observed which was found to be the orthorhombic structure with 
space group Pmma.  Further increments of boric acid to 15, 20 and 30 mol% also yielded the 
phase pure Sr4Al14O25 phosphor form as the dominant species.  However, at 40 mol% rapid 
phase degeneration was seen with the primary phase being SrAl12O19 (JCPDS #80-1195) with 
Sr4Al14O25 as the minor phase.   
These results, together with those given in Figure 3.2 indicate that the phase formation of 
Sr4Al14O25 is a multistep process that involves a number of intermediate phase transitions that 
may be expressed by the following chemical equations:  
  SrAl2O4+5Al2O3→SrO(Al2O3)6   
  17SrAl2O4+ 3SrO(Al2O3)6  → 5Sr4Al14O25 
Clearly, boric acid also plays a role in decreasing the temperature at which these transitions 
occur.  While high concentrations of boric acid result in the glassy phase SrAl2B2O722 being 
formed, the X-ray diffraction pattern of Sr4Al14O25with 40 mol% boric acid did not indicate 
any such (SrAl2B2O7)phase.  Rather, the strontium deficient SrAl12O19 phase was present 
indicating a reaction between strontium and boron constituents.  Studies by Nag and Kutty22 
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have shown that at low concentrations of boric acid SrO reacts with B2O3, while at higher 
concentrations B2O3 also reacts with the Al2O3 present.  It may be considered then that at the 
lower calcination temperatures utilised within this work, the reaction between Al2O3 and 
B2O3 does not occur, and as a result strontium continues to react with boric acid as the 
concentrations increases. 
 
Figure 3.3a  X-ray diffraction pattern ofSr3.94Eu2+0.02Dy3+0.04Al14O25with increasing boric 
acid concentration (a) – (g) 0, 5, 10, 15, 20, 30, and 40 mol%. 
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Figure 3.3b  JCPDS data for Sr4Al14O25 (#74-1810) 
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Figure 3.3c  JCPDS data for SrAl12O19 (JCPDS #80-1195) 
 
 
 
 
 
 
 
 
 
 
 
 
 
82 
 
 
Figure 3.3d  JCPDS data for SrAl2O4 (#34-0379)  
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The unit cell parameters of Sr3.94Eu2+0.02Dy3+0.04Al14O25 were examined with a silicon 
reference added to determine shifts in the d-values from the JSPDS reference for silicon.  
From these corrected XRD diffraction patterns, the cell parameters a, b, c and unit cell 
volume were calculated and compared to those of JCPDS standard Sr4Al14O25,assummarised 
in Table 3.1.  It can be seen that the nanoparticle unit cell parameters exceeded the 
corresponding bulk values indicating lattice relaxation at the nanoscale similar to that 
observed in a number of oxide compounds including tin oxide23 and magnesium aluminate24. 
 
 a (Å) b (Å) c (Å) Unit Cell Volume (Å3) 
JCPDS #74-1810 24.7451 8.4735 4.8808 1023.39 
No H3BO3 24.7756 8.5474 4.8881 1035.14 
5 mol% 24.8032 4.4961 4.8837 1029.15 
10 mol% 24.8025 8.4917 4.8837 1028.59 
15 mol% 24.7860 8.4840 4.8834 1026.89 
20 mol% 24.7628 8.4792 4.8886 1026.44 
30 mol% 24.795 8.4081 4.8886 1019.15 
 
Table 3.1Unit cell parameters and volumes for Sr3.94Eu2+0.02Dy3+0.04Al14O25prepared via 
single stage calcination with increasing boric acid concentration.  
 
The unit cell volumes of these nanoparticles demonstrated a systematic reduction with 
increasing boric acid concentration, indicating isomorphous substitution of BO4 for AlO4 
consistent with their relative bond lengths and the induced local strain. 
 
Further information regarding boron doping can be seen by infrared 
spectroscopy.Sr4Al14O25belongs to a distorted tridymite type of structure in which the 
tetrahedral AlO4 groups have four normal modes of vibration: symmetric stretching, γs = 700 
cm-1(O-Al-O), symmetric bending δs = 447 and 420 cm-1(O-Al-O), antisymmetric stretching 
γas= 780-900 cm-1(O-Al-O) and antisymmetric bending δd = 550-650 cm-1(O-Al-O)25. 
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The vibrational modes of the borate network are primarily active in three infrared spectral 
regions: 1500–1200cm−1 (B–O stretching of trigonal BO3), 1200–850cm−1 (B–O stretching of 
tetrahedral BO4) and 800–600cm−1 (bending vibrations of various borate segments). 
 
 
Figure 3.4Infrared spectra of Sr3.94Eu2+0.02Dy3+0.04Al14O25containing boric acid 
concentrations: (a) 0,  (b) 5 mol%  
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Figure 3.4 shows the FTIR spectrum of Sr3.94Eu2+0.02Dy3+0.04Al14O25with 5 mol% boric acid 
addition and the spectrum of the respective boric acid free composition for comparison.   
Sr4Al14O25 with 5 mol% boric acid addition shows the presence of broad absorption bands 
around 1400 cm-1 and 1195 cm-1originating from B-O anti-symmetric and triangular 
stretching vibrations originating from BO3, indicating the presence of a strontium borate 
glassy phase.  Additionally, an absorption band around 980 cm-1 from the B-O stretching 
vibration of tetrahedral BO4 units indicates the presence of substitutional BO4within the 
AlO4tetrahedral sites of Sr4Al14O25.   
 
Influence of boric acid and calcination on photoluminescence                         
Figures 3.5 (i) and (ii) show the respective excitation and emission spectra for 
Sr3.94Eu2+0.02Dy3+0.04Al14O25prepared by single stage calcination containing boric acid 
additions from 0 to 40 mol% (with respect to Sr4Al14O25).  Without boric acid a low intensity 
emission peak with a maximum at 512nm is seen due to the presence of the SrAl2O4phase 
(see Figure 3.3), a known green emission phosphor. An increase in boric acid concentration 
results in a blue shift to 486 nm due to formation of the Sr4Al14O25 phase.  The low intensity 
excitation and emission spectra seen with Sr4Al14O25preparation in the absence of boric acid 
are due to the remaining presence of the mixed phase (Figure 3.3).  Upon addition of 10, 15 
and 20 mol% boric acid higher intensities for excitation and emission are observed, with 15 
mol% exhibiting the highest photoluminescence behavior.  
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Figure 3.5  Excitation (i) and Emission (ii) spectra for Sr3.94Eu2+0.02Dy3+0.04Al14O25prepared 
with single stage calcination for increasing boric acid concentration: (a) 0, (b) 5, (c) 10, (d) 
15, (e) 20, (f) 30 and (g) 40 mol%. 
(i) 
(ii) 
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The corresponding afterglow persistence behavior of Sr4Al14O25 with boric acid additions 
between 0 to 40 mol% can be seen in Figure 3.6.  All samples showed a characteristic initial 
rapid decay followed by persistent phosphorescence.  Increasing the amount of boric acid 
gave an increase in the intensity and persistence time up to 20 mol%, after which a decrease 
in intensity and persistence time was observed.  Values for the time constants, tau (τ1,τ2and 
τ3) and the amplitude factors (I1 I2 and I3) based on Equation 2.1 were calculated as detailed 
in Chapter 2 and are provided in Table 3.2. 
 
Boric acid concentration (mol %) I1 τ1 (s) I2 τ2 (s) I3 τ3 (s) 
0 0.734 0.69 0.235 9.82 0.029 112.61 
5 0.747 0.72 0.225 10.86 0.028 171.73 
10 0.717 1.47 0.249 19.38 0.034 350.63 
15 0.713 1.96 0.251 24.22 0.036 416.49 
20 0.712 1.98 0.252 24.84 0.035 437.06 
30 0.735 0.89 0.235 13.64 0.030 287.36 
40 0.730 0.47 0.238 8.36 0.032 185.01 
 
Table 3.2  Tau (τ) and Amplitude (I) values of doped Sr3.94Eu2+0.02Dy3+0.04Al14O25 prepared 
via single stage calcination with increasing boric acid concentrations. 
 
The shortest afterglow persistence as shown by values of τ was exhibited by pure Sr4Al14O25 
and the sample containing 40 mol% boric acid. The rapid decay times of Sr4Al14O25without 
boric acid can be attributed to the lack of crystallinity and phase purity as seen in Figure 3.3, 
while for Sr4Al14O25 containing 40 mol% boric acid, the presence of the non-emitting 
secondary crystallographic phase SrAl12O19 (Fig 3.3) indicates high levels of strontium 
deficiency within the sample resulting in rapid photonic decay.  Sr4Al14O25with 20 mol% 
boric acid exhibited the highest values for all three τ values.  As discussed in Chapter 2, the 
amplitude factors, I1, I2 and I3correspond to different trap states within the strontium
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Figure 3.6  Persistence afterglow spectra for Sr3.94Eu2+0.02Dy3+0.04Al14O25prepared with single stage calcination for increasing boric acid 
concentration:  (a) 0, (b) 5, (c) 10, (d) 15, (e) 20, (f) 30 and (g) 40 mol%. 
88 
89 
 
aluminate matrix, and are classified as shallow traps with short life time (I1) (<10 s), deep 
traps with medium life time (I2) (<100 s) and deep traps with longer life time (I3) (> 100 s).  
The longer lived deep traps exhibit the greatest influence on the persistence intensity as 
discussed in Chapter 1.  Increasing the boric acid content to 15 mol% increased the amplitude 
factor I3from 0.029 to 0.036; 20 mol% boric acid exhibited similar results to that of 15 mol%, 
however, increasing the boric acid content above 20 mol% resulted in a decrease in I3with 
each further addition.  The highest values of τ and I3 are for the samples of Sr4Al14O25 with 
15 and20 mol% boric acid, indicating that boric acid has aided in the diffusion of 
Dy3+throughout the crystal lattice, resulting in deep trap levels, which are necessary for 
afterglow persistence.  It is clear from these results that boric acid plays a significant role in 
not only lowering phase transition temperatures, but also in enhancing the intensity and 
afterglow persistence characteristics. 
 
Thus, the impact of boric acid on the photoluminescent properties can be attributed to a 
number of factors.  The fluxing effect of boric acid facilitates the movement of the dopant 
ions Eu2+and Dy3+so they can effectively diffuse within the crystal lattice resulting in 
enhanced luminescence centres and optimal trap levels.   The increased interaction between 
B2O3 and Sr2+ forming strontium borate species which arises at the lower calcination 
temperatures inhibits the reaction between B2O3andAl3+,which also exhibits a strong affect on 
the photoluminescence properties.  It has been reported that the stoichiometric ratio of Sr:Al 
plays a significant role in emission intensity26.  With small decreases in strontium content, the 
intensity and persistence afterglow increases, however when particles become significantly 
strontium deficient this trend is reversed, resulting in poorer photoluminescent characteristics.  
With increased B2O3, the decreasing strontium content of the phosphor results in poorer 
photoluminescence of Sr4Al14O25 when itcontains30 mol% boric acid which notably had a 
similar phase purity to the particles prepared with 10 to 20 mol% boric acid. 
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3.4 Optimisation of activator/co-activator concentrations 
Since strontium can be progressively replaced in the matrix by Eu2+ and Dy3+ ions due to their 
similar ionic radii, the influence of Eu2+ and Dy3+ ion doping on phase purity requires careful 
scrutiny.  Figure 3.7 shows the XRD patterns of Sr4Al14O25 doped with Eu2+andDy3+ 
spanning the dopant concentration range from the minimum values that produce persistent 
afterglow to considerably higher concentrations of dopants.   
 
Figure 3.7 XRD patterns of:(a) Sr3.97Eu2+0.01Dy3+0.02Al14O25,                                                  
(b) Sr3.82Eu2+0.02Dy3+0.16Al14O25,(c) Sr3.74Eu2+0.02Dy3+0.24Al14O25. 
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It was observed that the diffraction pattern for Sr3.97Eu2+0.01Dy3+0.02Al14O25contained only a 
single phase, indicating that the addition of dopants did not affect phase purity, which may be 
expected, due to the minimal dopant ion content. For the higher dopant concentrations of 
Sr3.82Eu2+0.02Dy3+0.16Al14O25 andSr3.74Eu2+0.02Dy3+0.24Al14O25there are several distortions 
apparent within the matrix.  The most notable indicators of distortion are the peaks located at 
2θ = 27.823 (d: 3.20807, hkl:(021)), 2θ = 33.269 (d: 2.69359, hkl: (512)) and 2θ = 41.086 (d: 
2.19458, hkl:(412)).  The diffraction peak at 2θ = 33.269 shows the most noticeable change, 
with its intensity tripling the peak value at 2θ = 31.407 (typically the highest intensity peak).  
These reflections are a result of the high atomic scattering factor of both Europium and 
Dysprosium, with higher concentrations producing higher intensity reflections.  However, 
even at these high concentrations with large lattice distortions, there is no evidence of 
secondary phases in the XRD patterns.   
 
Effect of broad range Dy3+ dopant concentrations on luminescence  
Current research literature reports a wide range of Eu2+:Dy3+ ratios being employed 
throughout the conventional synthesis methods employed, therefore the optimum ratio of 
these dopants for the strontium aluminate synthesised by the microemulsion method here 
needs to be determined. 
Figures 3.8 (i) and (ii) present the excitation and emission spectra for Sr3.98-
yEu2+0.02Dy3+yAl14O25where y varies across a range from Dy3+0.04 to Dy3+0.24.  Here it can be 
seen that the molar ratio of Eu2+ to Dy3+ has little effect on the peak maxima position at 465 – 
469nm for excitation and 487nm for emission, although it significantly influences the 
subsequent intensity.  The most intense excitation and emission are observed at the lower 
dopant level of Sr3.94Eu2+0.02Dy3+0.04Al14O25.  Increasing the dopant concentration of Dy3+ 
results in decreased intensity for both excitation and emission spectra. 
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Figure 3.8 Excitation (i) and Emission (ii) spectra of Sr3.98-yEu2+0.02Dy3+yAl14O25 with y 
equal to (a)Dy3+0.04,(b)Dy3+0.08,(c) Dy3+0.16,  and (d)Dy3+0.24. 
 
(i) 
(ii) 
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The phosphorescent persistence of Sr3.98-yEu2+0.02Dy3+yAl14O25where y varies from Dy3+0.04 
to Dy3+0.24 is given in Figure 3.9.  All samples showed the initially rapid decay followed by 
persistent phosphorescence.  Values for tau (τ1τ2and τ3) and the amplitude factors (I1 I2 and 
I3) are detailed in Table 3.3. 
 
Eu2+:Dy3+ratio I1 τ1 (s) I2 τ2 (s) I3 τ3 (s) 
Sr3.94Eu2+0.02Dy3+0.04Al14O25 0.666 3.64 0.280 45.15 0.054 656.17 
Sr3.90Eu2+0.02Dy3+0.08Al14O25 0.715 1.96 0.249 24.34 0.036 426.62 
Sr3.82Eu2+0.02Dy3+0.16Al14O25 0.734 1.59 0.234 20.78 0.0318 406.50 
Sr3.74Eu2+0.02Dy3+0.24Al14O25 0.745 0.85 0.227 12.085 0.0276 268.96 
 
Table 3.3  τ and I values for persistence afterglow of Sr3.98-yEu2+0.02Dy3+yAl14O25 with y 
equal to 4, 8, 16and 24 mol% with respect to strontium. 
 
From these values for τ and I3 the optimum afterglow persistence is clearly seen at the lowest 
level of Dy, i.e. for Sr3.94Eu2+0.02Dy3+0.04Al14O25, notably the same phosphor that exhibited 
the most intense emission and excitation spectra.  Further increases in Dy3+ content to the 
middle range,  Sr3.90Eu2+0.02Dy3+0.08Al14O25 and higher, Sr3.82Eu2+0.02Dy3+0.16Al14O25,lead to 
reduced persistence afterglow behaviour, however, like the emission properties of both 
phosphors, they appear to have very similar characteristics.  Sr3.74Eu2+0.02Dy3+0.24Al14O25 at 
the high end of the range, displayed very rapid decay kinetics and poor afterglow persistence.   
The decrease in afterglow persistence with increasing dysprosium content may be attributed 
to the decreasing distance between equivalent Dy3+ions within the matrix at higher 
concentrations.  As a result, interaction between these equivalent sites increases, leading to 
charge transfer between Dy3+ sites, which causes an energy loss through vibrational energy 
dissipation into the host matrix.  As a result, dysprosium content in the lower range offers the 
optimal afterglow persistence.  
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Figure 3.9 Afterglow kinetics of Sr3.98-yEu2+0.02Dy3+yAl14O25 with y equal to (a)Dy3+0.04,(b)Dy3+0.08,(c) Dy3+0.16,  and (d)Dy3+0.24.
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Effect of Eu2+ dopant concentration on luminescence 
The excitation of Sr3.94-xEu2+xDy3+0.04Al14O25wherex varies from Eu2+0.005 to Eu2+0.04 is 
detailed in Figure 3.10(i).  All phosphors exhibit broad excitation, with the peak maxima for 
all spectra falling consistently within the365- 369nm range.  The emission spectra observed 
with varying Eu2+ concentration, Figure 3.10(ii), show low intensities for both 
Sr3.955Eu2+0.005Dy3+0.04Al14O25 andSr3.95Eu2+0.01Dy3+0.04Al14O25, the intensity then rapidly 
increases for the Sr3.94Eu2+0.02Dy3+0.04Al14O25andSr3.93Eu2+0.03Dy3+0.04Al14O25 compositions.  
At the highest level of Eu2+ doping (Sr3.92Eu2+0.04Dy3+0.04Al14O25) a strong decrease in 
excitation and emission intensity was then observed. 
Detailed examination of the emission spectra between 400 and 440nm (Figure 3.11) reveals 
distinct emission properties of these compositions.  Sr3.955Eu2+0.005Dy3+0.04Al14O25(a) exhibits 
a broad emission band with a peak maximum at 412nm, while Sr3.95Eu2+0.01Dy3+0.04Al14O25 
(b) also exhibits this broad band  emission at 412nm, but at a lower emission intensity.  With 
compositions Sr3.94Eu2+0.02Dy3+0.04Al14O25 (c), Sr3.93Eu2+0.03Dy3+0.04Al14O25 (d) and 
Sr3.92Eu2+0.04Dy3+0.04Al14O25 (e), this emission band is no longer present.  This may be 
understood by reference to the structure of the orthorhombic host lattice, Sr4Al14O25, which 
consists of layers of AlO6 – octahedra separated by a double layer of AlO4-tetrahedra as 
illustrated in Fig 3.12.  
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Figure 3.10  Excitation (i) and Emission (ii) spectra of Sr3.96-xEu2+xDy3+0.04 Al14O25with x 
equal to: (a) Eu2+0.005, (b) Eu2+0.01, (c)Eu2+0.0 2, (d) Eu2+0.03, and (e) Eu2+0.04. 
(i) 
(ii) 
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Figure 3.11Expansion of Figure 3.10(b) between 400 and 440 cm-1 
 
Figure 3.12Projection of the structure of Sr4Al14O25 in the [010] plane reproduced from 
Lakshmanan et al13. 
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As a result, there are two types of Sr2+ site present, the first, Sr1, surrounded by 
AlO4tetrahedra and the other, Sr2,surrounded by both AlO4 and AlO6 sites, having 
coordination numbers of 7 and 10 respectively.  As Eu2+readily substitutes for Sr2+ due to 
their similar ionic radii (1.20 Å for Eu2+ and 1.21 Å for Sr2+) it may be expected that Eu2+ is 
present in both sites as confirmed through EPR measurements27-29.  The two types of Eu2+ in 
the Sr4Al14O25 phosphor are referred to subsequently as Eu1 and Eu2,and the concentration of 
Eu1 and Eu2 doped sites has been found to be similar.  Due to the sensitivity of the crystal 
field of Eu2+ the Eu1 and Eu2 sites exhibit different emission properties, that is, Eu1 at 
412nm, and Eu2 at 487nm.  The emission of Eu1 is strongest for 
Sr3.955Eu2+0.005Dy3+0.04Al14O25,and decreasing for Sr3.95Eu2+0.01Dy3+0.04Al14O25 which 
appears to become quenched upon further addition of Eu2+ to the matrix.  With the Eu2 
centre, concentration quenching occurs at concentrations greater than Eu2+0.03 as can be seen 
by the emission intensity decreasing between Sr3.93Eu2+0.03Dy3+0.04Al14O25 and 
Sr3.92Eu2+0.04;Dy3+0.04Al14O25.  Wang et al.29 reported that the distance between Eu1 - Eu2 is 
shorter than that of Eu1 – Eu1 and Eu2 – Eu2 within such host lattices.  The critical transfer 
distance between Eu1 and Eu2 is 34Å, and thus there is a broad spectral overlap of Eu1 
emission and Eu2 excitation.  This indicates that Eu1 quenching occurs via a Forster 
resonance energy transfer mechanism.  The quenching of Eu2 sites at increased 
concentrations has been attributed to transfer of excitation energy to lattice defects via dipole-
dipole interactions. 
 
It has been shown that the critical quenching concentration of Eu2+ for emission at 490nm 
(corresponding to the Eu2 site) in Sr4Al14O25 is between 6 and 7 atom%29.  The 
Sr4Al14O25synthesisedhere via microemulsions exhibits quenching between 0.75 - 1 atom%, 
i.e. an approximate decrease of 600% in the critical concentration.  Emission at 412nm (Eu1 
site) when excited between 340-380nm shows critical quenching occurring typically at 2 to 4 
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atom%, whereas Sr4Al14O25synthesised via this microemulsion technique exhibits quenching 
between 0.125 – 0.25 atom%,  i.e. an approximate decrease of 1600%.   
This reduction in critical quenching concentration may be explained by the highly 
homogeneous distribution of ions within the host matrix when formed with the nano-scale 
microemulsion micelles.  The homogenous distribution of Eu2+ results in a higher number of 
Eu1-Eu2 interactions at a lower concentration.  The overall effect is a more efficient 
quenching than the macroscopic methods that rely on an excess of Eu2+ to ensure Eu1-Eu2 
interactions.       
 
The phosphorescent decay kinetics of Sr3.96-xEu2+xDy3+0.04Al14O25 where x varies from 
Eu2+0.005 to Eu2+0.04is shown in Figure 3.13, and as the derived tau(τ) and amplitude (I) values 
in Table 3.4.  All samples showed the initially rapid decay followed by persistent 
phosphorescence.  For a Eu2+ ion concentration of 0.5 mol% the kinetics exhibit the lowest τ 
and I parameters and thus the shortest afterglow.  Increasing the concentration of Eu2+ from 
0.5 to 1 mol% resulted in a significant increase in afterglow persistence according to the τ and 
I values given in Table 3.4.  The optimal values of τ and I3are achieved with 
Sr3.95Eu2+0.01Dy3+0.04Al14O25,however, upon increasing the Eu2+concentration beyond 1 
mol% the values for τ and I3start to rapidly decrease, while for Sr3.92Eu2+0.04Dy3+0.04Al14O25a 
sharp increase in τ and I3 values is seen, despite the emission spectra (Figure 3.10(b)) 
indicating fluorescence quenching occurring at this concentration level.      
Eu2+:Dy3+ratio I1 τ1 (s) I2 τ2 (s) I3 τ3 (s) 
Sr3.955Eu2+0.005Dy3+0.04Al14O25 0.720 1.28 0.250 13.88 0.030 243.78 
Sr3.95Eu2+0.01Dy3+0.04Al14O25 0.606 5.90 0.322 61.88 0.072 691.09 
Sr3.96Eu2+0.02Dy3+0.04Al14O25 0.666 3.64 0.280 45.15 0.054 656.17 
Sr3.93Eu2+0.03Dy3+0.04Al14O25 0.743 1.68 0.227 22.60 0.031 460.83 
Sr3.92Eu2+0.04Dy3+0.04Al14O25 0.616 5.33 0.318 54.53 0.066 595.59 
 
Table 3.4  τ and I values for persistence afterglow of Sr3.96-xEu2+xDy3+0.04Al14O25with x 
varied from Eu2+0.005 to Eu2+0.04.  
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Figure 3.13  Afterglow kinetics of Sr-x-yEu2+xDy3+y Al14O25with x equal to: (a) Eu2+0.005, (b) Eu2+0.01, (c)Eu2+0.0 2, (d) Eu2+0.03, and (e) Eu2+0.04.
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Effect of optimum Dy3+ dopant concentration on luminescence 
With the optimum concentration of Eu2+identified, further refinement of the dysprosium 
content was undertaken for the system Sr3.99-yEu2+0.01Dy3+yAl14O25where y varied from 
Dy3+0.02 to Dy3+0.05.  The molar ratio of Eu2+ to Dy3+ has little effect on the position of the 
excitation and emission peak maxima as shown in Figure 3.14 (i) and (ii), where it was 465 to 
469nm for excitation and 487nm for emission, but it significantly influences their intensities. 
Increasing the concentration of Dy3+ from Dy3+0.02 to Dy3+0.04leads to a steady increase in 
emission and excitation intensities by about 66% whereas a further increase to Dy3+0.05shows 
a significant decrease in intensity. 
 
The afterglow persistence is given in Fig 3.15 and the corresponding τ and I values given in 
Table 3.5. All samples showed initial rapid decay followed by persistent afterglow.  The 
trends in these decay kinetics follow those seen in emission and excitation with a steady 
increase in the persistence properties for Dy3+contents from Dy3+0.02 to Dy3+0.04followed by a 
decline upon increasing the concentration beyond Dy3+0.04. 
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Figure 3.14Excitation (i) andEmission(ii) spectra of Sr3.99-yEu2+0.01Dy3+y Al14O25 with yequal 
to (a)Dy3+0.02,(b)Dy3+0.03,(c) Dy3+0.04,  and (d)Dy3+0.05. 
(ii) 
(i) 
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Figure 3.15  Afterglow kinetics of Sr3.99-yEu2+0.01Dy3+yAl14O25with y equal to (a)Dy3+0.02,(b)Dy3+0.03,(c) Dy3+0.04,  and (d)Dy3+0.05.
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It is clear from the relative values of τ and I3that the optimum persistence afterglow 
performance results from the composition Sr3.95Eu2+0.01Dy3+0.04Al14O25, which is the same 
phosphor that exhibited the most intense emission and excitation spectra.                              
Further increases in Dy3+ content to Sr3.95Eu2+0.01Dy3+0.05Al14O25 then leads to reduced 
afterglow persistence. Sr3.97Eu2+0.01Dy3+0.02Al14O25and 
Sr3.96Eu2+0.01Dy3+0..03Al14O25displayed very rapid decay of the afterglow persistence.  The 
deterioration in the phosphor kinetics when Dy3+ exceeds Dy3+0.04 is due to the increased 
dysprosium content decreasing the distance between equivalent Dy3+within the matrix.  As a 
result, interaction between these equivalent sites increases, thus leading to charge transfer 
between Dy3+ sites, allowing energy to be lost through vibrational energy dissipation into the 
host matrix.  Below Dy3+0.04 it may be assumed that the amount of Dy3+ was insufficient to 
form enough trap states to provide persistent luminescence, and as such, emptying of the trap 
states would occur at a more rapid rate leading to shorter luminescent persistence times.   
 
Eu2+:Dy3+ratio I1 τ1 (s) I2 τ2 (s) I3 τ3 (s) 
Sr3.97Eu2+0.01Dy3+0.02Al14O2
5 0.720 1.77 0.246 22.10 0.034 388.80 
Sr3.96Eu2+0.01Dy3+0.03Al14O2
5 0.715 1.98 0.248 25.77 0.036 456.00 
Sr3.95Eu2+0.01Dy3+0.04Al14O2
5 0.606 5.90 0.322 61.88 0.072 691.09 
Sr3.94Eu2+0.01Dy3+0.05Al14O2
5 0.746 1.57 0.225 21.17 0.030 451.88 
 
Table 3.5  τ values for persistence afterglow of Sr3.99-yEu2+0.01Dy3+yAl14O25 with y varied 
between Dy3+0.02 to Dy3+0.05. 
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Carbon Deposition 
The use of the single stage calcination procedure (Section 3.3) resulted in the visible 
formation of residual pyrolitic carbon adhering to the surface of the Sr4Al14O25 phosphors.  
This is derived from the Sabatier reaction, whereby CO2 evolving from the decomposition of 
SrCO3 reacts with H2present in the reducing atmosphere according to the following reaction 
sequence: 
CO2 + 4H2→CH4 + 2H2O, then CH4→ C + 2H2 
This reaction proceeds further at the high calcination temperatures with the generated 
CH4decomposing to form C and H2as final products, and the carbon deposited as a pyrolitic 
layer.  This visible pyrolitic carbon deposition was observed to be removed from the phosphor 
particles by increasing the flow rate of the reducing gas, however XPS analysis (Figure 3.16) 
indicates a pyrolitic carbon species persists as seen by the presence of the π-π* carbon 
satellite peak at the carbon binding energy of 290.5 eV.        
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Figure 3.16  XPS analysis of Sr4Al14O25synthesised via the single stage-calcination  
synthetic path, indicating the presence of pyrolitic carbon at 290.5 eV. 
3.5  Phosphor Formation via oxidative pre-calcination 
Influence of Boric acid concentration on strontium aluminate phase formation 
Clabau et al.30 hypothesized that pre-calcination of Sr4Al14O25 may improve the persistence 
properties of phosphors due to an increased number of oxygen vacancies that would be 
introduced around Eu2+luminescence sites.  Oxygen vacancies (Vo) have been shown to play 
a significant role in phosphorescence30, and whilst not being particularly good electron trap 
centres themselves they have been shown to couple with Dy3+to enhance phosphorescence by 
increasing the number of traps and their depth, therefore increasing the number of oxygen 
vacancies may lead to an improvement in persistence properties.  Thus an increase in the 
number of Vo sites around the luminescent Eu2+ site may be expected to lead to a more 
prolonged persistent luminescence.  The ionization energies for Eu2+, Eu3+ and Sr2+ species 
are 25.0, 42.71 and 43.71 eV respectively30.  This observation may be achieved by pre-
calcining in an oxygen rich environment (oxidative pre-calcination), where more Vo are 
generated around Eu3+ (which arise from the more readily oxidized Eu2+ site) as the ionization 
energy of Eu2+is lower than that of Sr2+, and which will ultimately lead to a greater number of 
Vo surrounding the Eu2+ luminescence centres after the phosphor is calcined under reducing 
conditions.  Adoption of this approach would also allow SrCO3 to decompose prior to the 
introduction of the reducing atmosphere, removing the deposition of residual carbon that is 
seen when utilizing the single stage calcination route.          
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Figure 3.17 shows the XRD patterns of Sr3.95Eu2+0.01Dy3+0.04Al14O25 phosphors prepared by 
the two-stage oxidative pre-calcination process after the addition of 0, 5, 10, 15, 20, 30 and 40 
mol% H3BO3(with respect to Sr4Al14O25)to samples precalcined at 1000°C for 2 hours in an 
oxygen atmosphere, and finally calcined under inert conditions at 1100°C for 3 h.  In the 
formation of dopedSr4Al14O25 without boric acid, the phases SrAl4O7 (JCPDS #25-
1289),SrAl2O4 (JCPDS #34-0379) and Sr4Al14O25 (JCPDS no. 74-1810) were observed as 
the primary phases.  On increasing the boric acid concentration to 5 mol% the SrAl4O7 and 
SrAl2O4 phases diminished and were not observed, and highly crystalline, and phase pure 
Sr4Al14O25 was observed with an orthorhombic structure and space group Pmma.  Further 
increments of boric acid to10, and 15 mol% also gave the phase pure Sr4Al14O25 phosphor.  
However at 20 and 30 mol% a minor phase appears with diffraction peaks indexed to 
SrAl12O19 (JCPDS #80-1195), but Sr4Al14O25still exists as the main phase.  At 40 mol% 
SrAl12O19is the dominant phase, with Sr4Al14O25 as the minor phase. 
Analysis of the unit cell parameters of Sr3.95Eu2+0.01Dy3+0.04Al14O25 was undertaken with the 
silicon reference added.  Unit cell parameters a, b, c and unit cell volume were calculated and 
compared to those of JCPDS standard for Sr4Al14O25,and the results are summarised in Table 
3.6.   
 
 a (Å) b (Å) c (Å) Unit Cell Volume (Å3) 
JCPDS #74-1810 24.7451 8.4735 4.8808 1023.39 
No H3BO3 24.7911 8.4866 4.8912 1028.88 
5 mol% 24.7972 8.4882 4.8865 1028.52 
 10 mol% 24.7792 8.4761 4.8899 1027.03 
15 mol% 24.7752 8.4850 4.8844 1026.78 
20 mol% 24.7692 8.4851 4.8854 1026.76 
30 mol% 24.7708 8.4785 4.8868 1026.33 
 
Table 3.6  Unit cell parameters and volumes for Sr3.95Eu2+0.01Dy3+0.04Al14O25prepared via 
two-stage oxidative pre-calcination procedure with increasing boric acid concentration 
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Figure 3.17 X-ray diffraction pattern ofSr3.95Eu2+0.01Dy3+0.04Al14O25 with increasing boric 
acid concentration (a) – (g) 0, 5, 10, 15, 20, 30, and 40 mol%. 
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These results indicate that the unit cell volume of Sr4Al14O25prepared via oxidative pre-
calcination without boric acid flux has unit cell volumes that are close to those synthesized 
without boric acid flux.  This would indicate that oxidative pre-calcination results in phase 
formation at an earlier stage in the calcination process compared to the conventional single 
stage calcination procedure.  Notably, the changes in unit cell volume for each incremental 
addition of boric acid appear to be small in comparison to those occurring during the single 
stage calcination where the unit cell volume ranged from 1035.14Å3 without boric acid to 
1019.15Å3 with 30mol% boric acid, indicating that while isomorphous substitution of BO4 
for AlO4 is still occurring, it occurs to a lesser extent, and the boric acid facilitates formation 
of the Sr4Al14O25phase to a greater extent than seen in single stage calcination, as can be seen 
in the XRD (Fig. 3.3 and Fig. 3.17).    
 
Figure 3.18shows the FTIR spectrum of Sr3.95Eu2+0.01Dy3+0.04Al14O25with 5 mol% boric acid 
addition, as well as the spectrum of the boric acid free composition for comparison.  
Sr4Al14O25 with5 mol% boric acid shows an absorption band around 980 cm-1from the B-O 
stretching vibration of tetrahedral BO4 units indicating the presence of substitutional BO4 
within the AlO4 matrix of Sr4Al14O25.  The FTIR spectrum does not display the absorption 
peaks at 1400 cm-1 and 1195 cm-1 that were seen in Figure 3.4, importantly indicating that this 
dual calcination synthesis route eliminates the formation of the glassy strontium borate phase 
at lower boric acid concentrations. 
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Figure 3.18Infrared spectra of Sr3.95Eu2+0.01Dy3+0.04Al14O25containing boric acid at 
concentrations: a) 0 mol% b) 5 mol%. 
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3.5.1  Microstructure of Doped Sr4Al14O25 
Influence of boric acid on particle size and distribution 
The average crystallite size of the phosphor samples was calculated using the Debye-Scherrer 
expression (Equation 2.7) assuming spherical particles with a shape factor of 0.9 (as 
confirmed by TEM/SEM in Figure 3.19) and was found to lie in the range 47 to 52 nm over 
the boric acid concentration range of 5-20 mol% examined, indicative of a minimal influence 
of the boric acid flux on  crystallite growth when calcined at 1100 ºC. 
Figure 3.19(a) shows an SEM micrograph of Sr4Al14O25 in the absence of boric acid, while 
Figures 3.19(b-d)are the corresponding SEM micrographs of Sr4Al14O25 with 5, 10 and 15 
mol% boric acid (with respect to moles of Sr4Al14O25) respectively.  For the composition, 
Sr4Al14O25,without boric acid addition, near spherical particles with a narrow size 
distribution between 50 and 70nm were observed.  The addition of 5 mol% boric acid flux 
yields a small increase in particle size, with the average distribution from 50 to 90nm 
indicating the particles have a multiple crystallographic domain.  Although the particles retain 
their near spherical shape, aggregation of the particles is seen to commence.  After addition of 
10 mol% boric acid the average particle size appears to increase with agglomeration of the 
spherical particles clearly seen and the size distribution of these clusters now in the range of 
100nm to300nm.At 15 mol% the particle size increased even further, reaching a range 
of200nm to 500nm, with particles beginning to lose their spherical morphology. 
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                                a)b) 
 
                                c)d) 
 
Figure 3.19SEM images of Sr4Al14O25synthesised via oxidative pre-calcination containing 
varying amounts of boric acid (a) 0,( b) 5, (c) 10, and (d) 15 mol%. (Note the change in scale 
bar). 
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                                a)b) 
 
d) 
Figure 3.20  SEM images of Sr4Al14O25synthesised via oxidative pre-calcination containing 
varying amounts of boric acid (a) 20, (b) 30,(c) 40mol%. (Note the change in scale bar). 
 
At20 mol% further agglomeration was observed (Figure 3.20a), with particle sizes ranging 
between 500nm to 1000nm.  Upon addition of 30 and 40 mol% boric acid(Figure 3.20(b and 
c)) the trend in particle growth continued, with the smooth surfaces seen in the  
Sr4Al14O25sample with 20 mol% boric acid giving way to large porous particles.  The 
difference between crystallite size and particle size can be attributed to the formation of the 
glassy strontium borate phase which increases in concentration as the boric acid content is 
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increased, as shown in Section 3.3, which binds particles, resulting in the progressive 
aggregation of the primary crystallites, as seen across Figures 3.19 to 3.20.   
 
Elemental Distribution within Sr4Al14O25 
The homogeneity of elemental dopant distributions within these nano-phosphor particles was 
determined from element maps recorded for the four elements Sr, Al, and Eu,Dy (combined) 
using Energy Dispersive X-ray spectrometrometry (EDX).Figure 3.21 shows that the mapped 
area for the Sr3.94Eu2+0.02Dy3+0.04Al14O25phosphor particle is predominately Sr and Al with an 
even dispersion of low concentrations of Eu and Dy. The homogeneous dopant dispersion 
within the aluminate matrix confirms the inherently uniform composition of the 
microemulsion system that produced the nano-phosphor precursor, as well as confirming the 
presence of europium and dysprosium in the Sr4Al14O25crystal lattice during calcination.  
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                                 a)                                                     b) 
 
                                 c)                                                      d)  
Fig. 3.21  EDX elemental maps of Sr3.94Eu2+0.02Dy3+0.04Al14O25powder prepared by 
microemulsion route and oxidative pre-calcination; (a) Al, (b) Sr, (c) Eu and Dy and (d) the 
SEM image. 
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3.5.2 Influence of boric acid and oxidative pre-calcination on 
photoluminescence                         
Figures 3.22 (i) and (ii) provide the excitation and emission spectra for 
Sr3.95Eu2+0.01Dy3+0.04Al14O25 prepared by oxidative pre-calcination with boric acid additions 
of 0,5,10,15,20,30 and 40 mol%.  Without boric acida low intensity emission peak at 486nm 
is observed, while at a boric acid concentration of 5 mol% the strongest emission intensity 
results with a peak maximum at 486 nm.  Lower intensity excitation and emission are seen for 
10 mol% boric acid, which continue to decrease with 15, 20, 30 and 40 mol% boric acid 
additions.   
 
The afterglow persistence of Sr3.95Eu2+0.01Dy3+0.04Al14O25with a range of boric acid additions 
from 0 to 40mol% is given in Figure 3.23.  All samples showed an initial rapid decay 
followed by persistent phosphorescence.  Increasing the amount of boric acid to 10 mol% 
resulted in an increase in the intensity and persistence time, but when the boric acid 
concentration was increased beyond 10 mol% a decrease in intensity and persistence time was 
observed.  Values of τ1,τ2,τ3and the amplitude factors I1, I2 and I3 were calculated and are 
given in Table 3.7. From all the values of τ and I3, the shortest persistence afterglow was 
shown for Sr3.95Eu2+0.01Dy3+0.04Al14O25without boric acid and with 40 mol%. The rapid decay 
time of Sr4Al14O25 containing no boric acid can be attributed to the lack of crystallinity and 
phase purity as seen in Figure 3.3, while for Sr4Al14O25 containing 40 mol% boric acid, the 
presence of the non-emitting secondary crystallographic phase SrAl12O19 (Fig 3.17) indicates 
high levels of strontium deficiency within the sample resulting in rapid decay.  The 
composition Sr3.95Eu2+0.01Dy3+0.04Al14O25formed with a boric acid addition of 10 mol% 
exhibited the highest values for all values of τ and I3, indicating that 
Sr3.95Eu2+0.01Dy3+0.04Al14O25exhibits the maximum afterglow persistence.    
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Figure 3.22 Excitation (i) and Emission (ii) spectra for of 
Sr3.95Eu2+0.01Dy3+0.04Al14O25prepared via oxidative pre-calcination for increasing boric acid 
(i) 
(ii) 
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concentration: (a) 0, (b) 5, (c) 10, (d) 15, (e) 20, (f) 30and (g) 40 mol% with respect to 
strontium. 
Boric acid concentration (mol %) I1 τ1 (s) I2 τ2 (s) I3 τ3 (s) 
0 0.671 0.74 0.278 23.61 0.050 478.24 
5 0.615 5.88 0.321 57.01 0.064 662.25 
10 0.587 6.70 0.328 71.17 0.085 841.04 
15 0.633 5.00 0.301 59.03 0.067 793.65 
20 0.654 3.40 0.288 44.90 0.058 669.34 
30 0.681 3.25 0.270 41.56 0.049 641.32 
40 0.679 0.54 0.278 19.25 0.043 455.79 
 
Table 3.7  Tau (τ)and Amplitude (I) values for Sr3.95Eu2+0.01Dy3+0.04Al14O25prepared via 
oxidative pre-calcination for increasing boric acid concentration. 
 
These results indicate that with an oxidative pre-calcination of 2 hours, the quantity of boric 
acid required to achieve optimal afterglow persistence is lowered by approximately 10 mol% 
compared to the single stage calcination (Figure 3.6).  Importantly SEM images show that 
particle size growth and agglomeration commence at 15 mol% boric acid addition (Figures 
3.19 and 3.20).  
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Figure 3.23Persistence afterglow spectraof Sr3.95Eu2+0.01Dy3+0.04Al14O25prepared via oxidative pre-calcination for increasing boric acid concentration: 
(a) 0, (b) 5, (c) 10, (d) 15, (e) 20, (f) 30 and (g) 40 mol% with respect to strontium.
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3.6  Conclusions 
The use of a microemulsion synthesis route has been found to lower the formation 
temperature of  pure Sr4Al14O25, with phase pure, highly crystalline material forming at 
1100°C compared to temperatures between 1300-1400°C3,7,9-11 as seen previously (Figure 
3.2).  The Sr4Al14O25particlesformed at 1100°C were found to be near spherical in shape 
with narrow size distributions and minimal aggregation (Figure 3.19).  
 
Sr4Al14O25prepared via previous synthetic pathways such as solid-state and combustion had 
typical dopant concentrations for optimal afterglow persistence have been reported to be 
between 1-2 atom% for Eu2+, and 2-8 atom% for Dy3+, 5,7,10,11.  In the present work,the 
phosphor which exhibited the optimal afterglow persistence was seen to be 
Sr3.95Eu2+0.01Dy3+0.04Al14O25(Figure 3.15, Table 3.5), corresponding to dopant concentrations 
of 0.25 atom% Eu2+ and 1 atom% Dy3+, which is significantly lower than employed 
previously.  The critical quenching concentration of Eu2+ was also found to be a sixth of that 
reported for previous synthesis routes29, i.e. 1 atom% (Figure 3.10ii, curve (e)).  This 
reduction in dopant concentration may be explained by the highly homogeneous distribution 
of the dopant ions (Figure 3.21) which led to more efficient charge transfer mechanisms 
between the Eu1 and Eu2 sites at lower concentrations (Section 3.4).        
 
Sr3.95Eu2+0.01Dy3+0.04Al14O25prepared with 20 mol% boric acid via the single stage 
calcination, and Sr3.95Eu2+0.01Dy3+0.04Al14O25prepared with 10 mol% boric acid via the 
oxidative pre calcination were shown to be the two optimum phosphors for each calcination 
pathway. The phosphor prepared by the two-stage oxidative pre-calcination exhibited 
significantly enhanced characteristics compared to the single stage calcination product, with 
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an approximately 60% increase in deep trap states (I3) and approximately 50% increase for τ3 
(Tables 3.2 and 3.7).   
 
The use of the two-stage oxidative pre-calcination procedure is clearly advantageous as it 
required a decreased concentration of boric acid flux for pure phase formation (Fig 3.17).  
This resulted in reduced strontium borate formation (as seen with concentrations of boric acid 
below 10 mol%) and elimination of carbon deposition during calcination, thus demonstrating 
the utility of this new process route for the synthesis of blue emitting nano-phosphors.  
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CHAPTER 4 
PREPARATION AND CHARACTERIZATION OF DOPED GREEN 
EMITTING SrAl2O4:Eu2+,Dy3+ NANOPARTICLES 
 
4.1  Introduction  
In the blue emitting nano-phosphors, it was found that the oxidative pre-calcination pathway 
significantly improved the persistent luminescence properties of doped Sr4Al14O25 by 
increasing the quantity of deep trap states within the phosphor, and reduced the quantity of 
boric acid flux required to lower the calcination temperature, leading to a reduction in 
aggregation commonly caused by the use of excessive boric acid.  It was also observed that 
the microemulsion synthetic pathway resulted in well dispersed dopant ions within the 
phosphor particles which possessed a narrow size distribution, regular morphology and 
minimal surface defects, parameters which are desired for the synthesis of efficient phosphor 
materials. This results in a significant reduction in dopant ion concentrations compared to 
those previously reported leading to more efficient charge transfer mechanisms and an 
increase in persistence luminescence. 
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This chapter aims to explore the application of the microemulsion synthesis route coupled 
with the two-stage oxidative pre-calcination pathway for the preparation of a  green emitting 
SrAl2O4:Eu2+,Dy3+ phosphor, by utilizing the advantages detailed from Chapter 3, to 
overcome the detrimental properties discussed in Chapter 1, to produce a green emitting 
nano-phosphor capable of enhanced afterglow persistence.              
 
4.2  Preparation of doped SrAl2O4 nanoparticles 
Green emitting SrAl2O4:Eu2+,Dy3+nanoparticles were synthesized following a similar 
procedure adopted for the synthesis of Sr4Al14O25:Eu2+,Dy3+developed in Chapter 3 as 
detailed in  Figure 4.1, although with adjustments to the concentrations of the ions in 
solutions A and B to achieve the appropriate ratio of 2:1 for Al3+:Sr2+ necessary to maintain 
the SrAl2O4stoichometry of the host matrix.  For solution A, aluminium nitrate, strontium 
nitrate, europium nitrate, and dysprosium nitrate were dissolved completely in 5mL of water, 
to produce a concentration of Al3+ of 0.18M, and a concentration of Sr2+ of 0.09M, which 
were kept constant for all preparations to provide the required Al2Sr stoichometry for the 
strontium aluminate matrix.  The europium nitrate concentration was varied between 0.9mM 
and 4.5mM while that of dysprosium nitrate varied between 2.7mM and 21.6mM.  Solution B 
contained 0.1M ammonium carbonate dissolved in 5mL of concentrated ammonium 
hydroxide in order to allow for the increased strontium content.        
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Calcination Route 
As described in Chapter 3, oxidative pre-calcination enhances the photonic properties of 
persistent afterglow materials and so the SrAl2O4 phosphors synthesised in this chapter 
followed this route.   
 
Figure 4.1  Synthesis of green-emitting persistent afterglow strontium aluminate nano-
phosphor. 
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The Effect of Temperature on Matrix Formation of Undoped SrAl2O4 
The synthesis of doped SrAl2O4 has been reported with calcination temperatures as high as 
1250°C-1400°C even with the addition of a boric acid flux1,2,3.  As with the blue emitting 
nano-phosphor, to achieve lower synthesis temperatures, the microemulsion technique was 
employed which allowed the constituent ions to form nanosized domains shortening the 
intermolecular diffusion distance between the reactants, and providing enhanced precursor 
activity.   
The influence of temperature on the phase transition behaviour of SrAl2O4was determined 
using X-ray diffraction.  XRD spectra recorded after calcination of the precursor material at 
800°C, 900°C, 1000°C and 1100°C (without boric acid addition) are shown in Figure 4.2.  At 
800°C no discernable crystalline phase was present.  At 900°C, crystalline phase formation 
began with the production of a mixed phase with diffraction peaks indicating the presence of 
monoclinic SrAl2O4(JCPDS #34-0379) and hexagonal SrAl2O4 (#31-1336).  Further 
increases in temperature to 1000°C and 1100°C also yielded this mixed phase of monoclinic 
and hexagonal SrAl2O4.   
 
This indicates the formation process begins to occur at 900°C, according to: 
SrO + Al2O3→ SrAl2O4(Hexagonal) + SrAl2O4(Monoclinic)  
and with further increases in temperature the following transition occurs: 
SrAl2O4(Hexagonal)→ SrAl2O4(Monoclinic) 
Therefore, in order to produce the pure monoclinic SrAl2O4 phase at 1100°C, the use of a 
boric acid fluxing agent was examined.  
130 
 
 
Figure 4.2 XRD patterns of undoped SrAl2O4calcined in the absence of boric acid flux at: 
(a) 800°C  (b) 900°C (c) 1000°C and (d) 1100°C. 
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4.3  Influence of Boric Acid Concentration on Phase Formation  
 
The doping stoichometry of the SrAl2O4 phase was based on results of the blue phosphor 
studies.  Figure 4.3 shows the XRD patterns of SrAl2O4 phosphors co-doped with Eu2+0.01 
and Dy3+0.04 (i.e. Sr0.95Eu2+0.01Dy3+0.04Al2O4)prepared by the addition of 0, 5, 10, 15, 20, 30 
and 40 mol% (with respect to SrAl2O4) H3BO3 at 1100°C.  During the formation of 
dopedSrAl2O4 without boric acid, the phasesSrAl2O4 monoclinic (#34-
0379)andSrAl2O4hexagonal (#31-1336) were observed as the primary phases.  When the 
boric acid concentration was 5 mol%, the hexagonal SrAl2O4phase disappeared and highly 
crystalline, phase pure, monoclinic SrAl2O4withspace group P21/n was observed.  Further 
increments of boric acid to10, 15 and 20 mol% showed the emergence of a minor phase, 
Sr4Al14O25(#74-1810). At 10 mol% boric acid this appears to be a very minor phase, 
however, with each increase the presence of the Sr4Al14O25 diffraction pattern becomes more 
dominant.  At 30 mol% the intensity of peaks corresponding to the Sr4Al14O25phase have 
increased, such that it became a distinct secondary phase.  At 40 mol% both monoclinic 
SrAl2O4 and Sr4Al14O25are present with no dominant phase, together with traces of a third 
phase SrAl12O19 (JCPDS no. 80-1195) appearing.   
 
It has been reported that high concentrations of boric acid result in the glassy phase 
SrAl2B2O74, however this phase was not observed in these X-ray diffraction patterns.  The 
emergence of the Sr4Al14O25 phase in the samples containing15, 20, 30 and 40 mol% boric 
acid indicatesa reaction between strontium and boron occurs readily as was also seen in 
Chapter 3 (Figure 3.3). 
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Figure 4.3a  X-ray diffraction pattern ofSr0.95Eu2+0.01Dy3+0.04Al2O4 with increasing boric 
acid concentration (a) – (g) 0,5,10,15,20,30 and 40 mol%. 
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Figure 4.3b  JCPDS data for SrAl2O4 Monoclinic (#34-0379) 
 
 
Figure 4.3c  JCPDS data for SrAl2O4 Hexagonal (#31-1336) 
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The unit cell parameters of doped SrAl2O4 were measured with silicon added as a reference 
to determine the shifts occurring in the d-values.  From the corrected XRD diffraction 
patterns, the cell parameters; a, b, c and unit cell volume were calculated and compared to 
those of JCPDS standard SrAl2O4,as summarised in Table 4.1.  It can be seen that the 
nanoparticle unit cell parameters for the sample prepared in the absence of boric acid 
exceeded the corresponding bulk values again indicating lattice relaxation at the nanoscale 
similar to that observed for the blue emitting Sr4Al14O25 matrix. 
 
 a (Å) b (Å) c (Å) Unit Cell Volume (Å3) 
JCPDS #74-1810 8.4424 8.8220 5.1607 383.80 
No H3BO3 8.5541 8.8011 5.2165 392.48 
5 mol% 8.5515 8.8023 5.2100 391.95 
10 mol% 8.3590 8.7617 5.1993 380.55 
15 mol% 8.3570 8.7628 5.1923 379.97 
20 mol% 8.3675 8.8353 5.1094 377.66 
30 mol% 8.3642 8.8368 5.1029 377.08 
 
Table 4.1  Unit cell parameters and volumes for doped Sr0.95Eu2+0.01Dy3+0.04Al2O4prepared 
with increasing boric acid concentration. 
 
However, upon increasing the boric acid concentration the unit cell volumes of these 
nanoparticles showed a systematic reduction, indicating isomorphous substitution of BO4 for 
AlO4 consistent with their relative bond lengths and the induced local strain, as observed 
with Sr4Al14O25 (Table 3.1). 
 
Further information on boron inclusion in the crystal lattice can be obtained from infrared 
spectroscopy, the results of which are presented in Figure 4.4 for a doped SrAl2O4 phase 
containing no boric acid and 5 mol% boric acid.   
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As detailed in Chapter 3, Section 3.4, the results indicate isomorphous substitution of BO4 
into the AlO4matrix.  This BO4 substitution is important because of its role in increasing the 
depths of the electron traps, which enhance the photoluminescent properties, as discussed in 
Section 1.3 of this thesis.  
 
Figure 4.4  Infrared spectra of doped Sr0.95Eu2+0.01Dy3+0.04Al2O4 phasecontaining boric acid 
at a concentration of: (a) 0 mol% (b) 5 mol%.  
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4.4  Microstructure of doped SrAl2O4  
Influence of boric acid on particle size and distribution 
The average crystallite size of the SrAl2O4phosphor particles was calculated from XRD 
spectra using the Debye-Scherrer expression, and was found to lie in the range 38 to 57 nm 
over the boric acid concentration range of 0-20 mol%, indicative of a minimal influence of 
the boric acid flux on crystallite growth when calcined at   1100 ºC. 
 
Figure 4.5(a) shows the TEM micrograph of SrAl2O4 in the absence of boric acid, while 
Figures 4.5(b-d)are the corresponding SEM micrographs of doped SrAl2O4 containing 5, 10 
and 15 mol% boric acid respectively.  For the doped SrAl2O4 phosphor sample, without boric 
acid, near spherical particles with a narrow size distribution between 50 and 100nm were 
observed.  The addition of 5 mol% boric acid flux leads to an increase in particle size, with 
the average distribution varying from 100 to 250nm.  Although the particles retain their near 
spherical shape, aggregation of the particles is seen to begin.  After addition of 10 mol% 
boric acid the average size of individual particles increases and agglomeration of the 
spherical particles can be clearly seen, with the size distribution of these clusters now ranging 
between 250nm and600nm.At 15 mol% the particle size has grown significantly, due to 
agglomeration, reaching around 3000nm, (3μm).  The shape of these particles does not 
appear to be uniform and angular edges begin to develop. 
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Figure 4.5a-dSEM images of SrAl2O4containing varying amounts of boric acid a) 0 b) 5 c) 
10 and d) 15 mol%.  (Note the change in scale bars). 
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Figure 4.6a-dSEM images of SrAl2O4containing varying amounts of boric acid: a) 20b) 30 
c-d) 40mol%. (Note the change in scale bars). 
 
Upon addition of 20, 30 and 40 mol% boric acid(Figure 4.6(a, b and c-d) respectively) the 
trend in particle growth continued, with the smooth surfaces, as seen in the  SrAl2O4 sample 
with 15 mol% boric acid, disappearing to be replaced by large porous particles.  These 
observations are quite similar to the behaviour seen in the previous Chapter, concerning the 
blue phosphor. 
 
 
139 
 
Elemental Distribution 
The homogeneity of elemental dopant distributions within these nano-phosphor particles, 
were determined from element maps recorded for the four elements Sr, Al, and Eu,Dy 
(combined) using Energy Dispersive X-ray spectrometry (EDX).Figure 4.7 shows the mapped 
area for the Sr0.95Eu2+0.01Dy3+0.04Al2O4 phosphor particle, which exhibits homogenous 
distribution of all four elements, as was also observed for the blue emitting 
Sr3.94Eu2+0.02Dy3+0.04Al14O25phosphor (Figure 3.21).  This observation confirms the 
homogeneity of the element distributions as a result of utilising the microemulsion technique.  
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     a) Aluminium               b) Strontium 
 
        c) Europium and Dysprosium                         d)  SEM image 
Fig. 4.7 EDX elemental maps of SrAl2O4:Eu;Dy powder prepared by microemulsion route; 
(a) Al, (b) Sr, (c) Eu and Dy and (d) the SEM image of the phosphor particle. 
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4.5  Influence of boric acid on photoluminescence 
Figures 4.8 (i) and (ii) show the excitation and emission spectra for 
Sr0.95Eu2+0.01Dy3+0.04Al2O4 with boric acid additions from 0 to 40 mol% (with respect to 
SrAl2O4).  Without boric acid addition, a low intensity peak at 360nm for excitation and 
525nm for emission are observed due to the presence of the mixed monoclinic SrAl2O4and 
hexagonal SrAl2O4 phases, both of which were not pure phases (Figure 4.3).  The intensities 
of both excitation and emission increases with each addition of boric acid up to 15 mol% due 
to the formation of the highly crystalline phase pure monoclinic phase of SrAl2O4(Figure 
4.3) , after which a steady decline in excitation and emission intensities occurs for each 
addition up to 40 mol% boric acid.  The peak excitation maxima remain constant at 369nm.  
For emission, a shift in the peak maximum is observed for 20, 30 and 40 mol% boric acid 
corresponding to the formation of the blue emitting Sr4Al14O25phase resulting in peak 
distortion.  At 20 mol% boric acid this shift is only minor, with the maximum shifting from 
525nm to 523 nm, but it becomes more prominent with the addition of 30 and 40 mol% boric 
acid, with the peak maximum moving to at 515nm and 510nm respectively.  The emergence 
of the Sr4Al14O25phase (Figure 4.3) is also responsible for the steady decline in excitation 
and emission intensities.   
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Figure 4.8  Excitation (i) and Emission (ii) spectra for Sr0.95Eu2+0.01Dy3+0.04Al2O4 for 
increasing boric acid concentration: (a) 0, (b) 5, (c) 10, (d) 15, (e) 20, (f) 30 and (g) 40 mol%. 
(i) 
(ii) 
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The corresponding afterglow persistence of SrAl2O4with boric acid additions of 0 to 40 
mol% during calcination can be seen in Figure 4.9.  All samples showed an initially rapid 
decay followed by long-lasting phosphorescence.  Increasing the amount of boric acid to 5 
mol% resulted in an increase in the intensity and persistence time compared to the same 
sample with no boric acid due to the emergence of the phase pure SrAl2O4 monoclinic phase 
as the only phase present (Figure 4.3).  When the boric acid concentration was increased to 
10 and 15 mol% a decrease in intensity and afterglow persistence was observed due to the 
emergence of the Sr4Al14O25 phase, leading to a reduced phase content of SrAl2O4.  
Addition of 20 and 30 mol% gave an increase in intensity and persistence time due to the 
increased formation of the secondary phase (Sr4Al14O25)as was discussed in Section 4.2.   
 
At 40 mol% the intensity and persistence time decreased again, due to the emergence of the 
non-emitting SrAl12O19 phase as seen in the XRD of Figure 4.3. 
 
Values for the time constants τ1,τ2and τ3 and the amplitude factors I1 I2 and I3 were 
calculated and are given in Table 4.2.The shortest afterglow persistence was exhibited by 
SrAl2O4with 0 and 40 mol% boric acid addition. The low persistence of both these 
calcination compositions can be attributed to the secondary crystallographic phases present, 
i.e. hexagonal SrAl2O4, and SrAl12O19respectively as seen in the XRD of Figure 4.3.   The 
highest values of τ1, τ2and τ3 and I3 for the doped SrAl2O4 phosphor with green emission 
(525nm, Figure 4.8(b)) is seen for 5 mol% boric acid flux addition. 
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Figure 4.9  Persistence afterglow spectra for Sr0.95Eu0.012+Dy0.043+Al2O4 with increasing boric acid concentration: (a) 0 (b) 5 (c) 10 (d) 15 (e) 20 
(f) 30 (g) 40 mol%.
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Boric acid concentration mol% I1 τ1 (s) I2 τ2 (s) I3 τ3 (s) 
0 0.724 0.867 0.245 12.179 0.030 232.94 
5 0.594 4.757 0.328 59.07 0.078 657.03 
10 0.656 3.669 0.290 23.063 0.054 473.323 
15 0.700 2.272 0.256 19.60 0.044 388.17 
20 0.681 3.237 0.266 18.82 0.053 494.07 
30 0.613 3.575 0.323 45.147 0.064 704.225 
40 0.651 2.8 0.295 32.50 0.054 674.01 
 
Table 4.2Tau (τ) and Amplitude (I) values of doped Sr0.95Eu2+0.01Dy3+0.04Al2O4  containing 
increasing boric acid concentration. 
 
Clearly, the addition of boric acid increased the values for the deep trap states, I3indicating an 
improved distribution of the dopant ions Eu2+and Dy3+, leading to enhanced luminescence 
centres and an increased numbers of optimal trap levels, as also observed in Chapter 3 
(Tables 3.2 and 3.7).  The optimum values of I3 for the doped SrAl2O4 are observed for the 
addition of 5 mol% boric acid, which is 5 mol% lower than the optimum value of 10 mol% 
observed for the doped Sr4Al14O25 (Table 3.7).  The interaction between B2O3 and the 
strontium aluminate matrix for 10 and 15 mol% boric acid content resulted in a strontium 
deficient sample, as observed by the emergence of the secondary Sr4Al14O25 phase (Figure 
4.3) indicating that for SrAl2O4, even small changes in the stoichiometric ratio can result in 
decreased photoluminescent persistence.  The increase in photoluminescent performance seen 
at 20 mol% boric acid may be attributed to the increase of phase content and purity of the 
Sr4Al14O25 phase. Sr4Al14O25,a known blue emitting phosphor, has been shown to be a 
highly efficient phosphor compared to the green emittingSrAl2O4, thus explaining the value 
of I3approaching, and τ3 exceeding, the values seen for 5 mol% boric acid addition.   
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4.6 Optimisation of activator/co-activator concentrations 
As with the blue emitting phosphors strontium can be progressively replaced within the 
aluminate matrix by Eu2+ and Dy3+ ions. Figures 4.2 and 4.3 evaluated the role of boric acid 
on phase formation of pure SrAl2O4 and doped Sr0.95Eu0.012+Dy0.043+Al2O4. Figure 4.10 
shows the XRD patterns of SrAl2O4 doped with Eu2+andDy3+, and represents the dopant 
concentration range from the minimum values considered to produce afterglow persistence to 
the highest concentration of dopants utilised within this study, in order to evaluate the effect 
of the dopant ions Eu2+ and Dy3+on phase formation.   
 
TheSr0.96Eu2+0.01Dy3+0.03Al2O4diffraction pattern (Figure 4.10) shows a high degree of phase 
purity, which may be expected, due to the minimal content of dopant ion. For the highest 
dopant concentrations of Sr0.82Eu2+0.02Dy3+0.16Al2O4andSr0.74Eu2+0.02Dy3+0.24Al2O4there are 
several distortions apparent within the matrix.  The most notable are the peaks located at 2θ = 
33.269 (d: 2.69359, hkl: (310)) and 2θ = 41.086 (d: 2.19458, hkl: (321)).  The diffraction 
peak at 2θ = 33.269 shows the most noticeable change, with its intensity changing from 10% 
for the initial value at 2θ = 28.386 to 200% of the same peak when doped with the maximum 
quantity of Dy3+.  These reflection intensities are a result of the high atomic scattering factor 
of both europium and dysprosium, at the higher concentrations.  The diffraction patterns of 
Sr0.82Eu2+0.02Dy3+0.16Al2O4andSr0.74Eu2+0.02Dy3+0.24Al2O4 also show the presence of a 
secondary phase, Sr4Al14O25, indicating that as dysprosium replaces strontium within the 
matrix, a strontium deficiency occurs, which leads to the formation of the secondary phase in 
a manner similar to the effect of boric acid concentrations seen in the blue phosphor (Section 
4.3 and Figure 4.3).  These results indicate that the SrAl2O4 matrix can only accommodate 
relatively low concentrations of dopant ions if phase purity is to be maintained.     
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Figure 4.10XRD diffraction patterns of (a) Sr0.96Eu2+0.01Dy3+0.03Al2O4                                                 
(b) Sr0.82Eu2+0.02Dy3+0.16Al2O4and (c) Sr0.74Eu2+0.02Dy3+0.24Al2O4. 
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Effect of Eu2+ dopant concentration on luminescence 
Initially the influence of europium was determined while the dysprosium content was 
maintained at Dy3+0.04.  The excitation of Sr0.96-xEu2+xDy3+0.04Al2O4 with x varying from 
Eu2+0.01 to Eu2+0.04 is detailed in Figure 4.11(i).  All phosphors exhibited broad excitation, 
with the peak maxima for all spectra falling consistently within the 368 to 372nm range.  The 
emission spectra generated with varying Eu2+ concentration, (Figure 4.11(ii)), show a low 
emission intensity for Sr0.95Eu2+0.01Dy3+0.04Al2O4.The intensity then increased slightly for 
Sr0.94Eu2+0.02Dy3+0.04Al2O4 andSr0.93Eu2+0.03Dy3+0.04Al2O4. The composition containing the 
highest Eu2+ content: Sr0.92Eu2+0.04Dy3+0.04Al2O4,then exhibited a decrease in both emission 
and excitation intensity. 
 
The reported critical quenching concentration of Eu2+ for emission at 520nm in the SrAl2O4 
matrix lies between Eu2+0.06-Eu2+0.075, whereas the SrAl2O4:Eu2+;Dy3+phosphors produced by 
the synthesis route used here exhibit quenching betweenEu2+0.03-Eu2+0.04, representing an 
approximate decrease of 30% in this critical concentration.  This reduction in critical 
quenching concentration may be explained by the highly homogeneous distribution of 
europium ions within the host matrix when formed with the nano-scale microemulsion 
micelles as was observed with the blue emitting phase of Chapter 3.  The homogenous 
distribution of Eu2+ results in a higher number of interactions between equivalent Eu2+ ions at 
a lower concentration.   
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Figure 4.11  Excitation (i)  and Emission (ii) spectra of Sr0.96-xEu2+xDy3+0.04Al2O4with x 
equal to (a) Eu2+0.01,  (b) Eu2+0.02,  (c) Eu2+0.03, and (d) Eu2+0.04. 
(i) 
(ii) 
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Figure 4.12Afterglow kinetics of Sr0.96-xEu2+xDy3+0.04Al2O4with x equal to (a) Eu2+0.01,  (b) Eu2+0.02, (c) Eu2+0.03, and (d) Eu2+0.04.
150 
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The phosphorescent decay kinetics of Sr0.96-xEu2+xDy3+0.04Al2O4(where x varied from 
Eu2+0.01 to Eu2+0.04) are presented in Figure 4.12 and as tau(τ) and amplitude (I) values in 
Table 4.3.  All samples showed an initially rapid decay followed by long lasting 
phosphorescence.  For Eu2+0.03, the decay exhibits the lowest τ and I3 parameters and thus the 
shortest afterglow.  A Eu2+ concentration of Eu2+0.01,(Sr0.95Eu2+0.01Dy3+0.04Al2O4)resulted in 
the optimal values of afterglow persistence as indicated by the τ and I3 values shown in Table 
4.3.  Increasing the Eu2+concentration to give Sr0.94Eu2+0.02Dy3+0.04Al2O4 
andSr0.93Eu2+0.03Dy3+0.04Al2O4,results in all values of τ and I3beginning to rapidly decrease, 
indicating fluorescence quenching occurring at these concentration levels.  At a composition 
of Sr0.92Eu2+0.04Dy3+0.04Al2O4 a slight increase in all values of τ and I3 values is seen, despite 
the decreased emission intensity (Figure 4.11b).  These results indicate that for 
Sr0.92Eu2+0.04Dy3+0.04Al2O4 the high dopant concentrations are leading to incipient strontium 
deficiency, which results in the blue-emitting phase Sr4Al14O25 appearing, as also occurs 
with high dopant concentrations of Dy3+.     
 
Eu2+:Dy3+ratio I1 τ1 (s) I2 τ2 (s) I3 τ3 (s) 
SrAl2O4:Eu2+0.01;Dy3+0.04 0.594 4.76 0.328 59.07 0.078 657.03 
SrAl2O4:Eu2+0.02;Dy3+0.04 0.638 4.10 0.301 50.06 0.061 639.76 
SrAl2O4:Eu2+0.03;Dy3+0.04 0.733 2.38 0.218 31.65 0.049 439.31 
SrAl2O4:Eu2+0.04;Dy3+0.04 0.653 3.42 0.295 42.04 0.052 532.41 
 
Table 4.3  τ and I values for long persistence afterglow of Sr0.96-xEu2+xDy3+0.04Al2O4with x 
varied from Eu2+0.01to Eu2+0.04. 
 
 
 
 
 
 
152 
 
 
 
Effect of Narrow Range Dy3+ dopant concentration on luminescence 
 
With the optimum concentration of Eu2+ identified, further refinement of the dysprosium 
content was examined for the system SrAl2O4:Eu2+0.01;Dy3+ywhere y varies from Dy3+0.03 to 
Dy3+0.05.  The molar ratio of Eu2+ to Dy3+ has little effect on the excitation peak maxima 
position at 469nmor emission peak maxima at 525nm as seen in Figure 4.13(i), but 
significantly influences the emission intensities as seen in Figure 4.13(ii). 
Increasing the concentration of Dy3+ from Dy3+0.03 to Dy3+0.04leads to a steady increase in 
emission intensities by about 16%, while excitation intensities remain similar.  A further 
increase to Dy3+0.05 shows a significant decline in intensity. 
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Figure 4.13  Excitation (i) andEmission (ii) spectra of Sr0.99-yEu2+0.01Dy3+yAl2O4with y 
varied from (a) Dy3+0.03, (b) Dy3+0.04, (c) Dy3+0.05. 
(i) 
(ii) 
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The afterglow persistence of Sr0.99-yEu2+0.01Dy3+yAl2O4 is presented in Fig 4.14 and the 
corresponding time constant (tau) and amplitude (I), values in Table 4.4.All samples showed 
initial rapid decay followed by afterglow persistence.  The trends in the decay kinetics follow 
those seen in excitation and emission with a steady increase in the long persistence properties 
for Dy3+ from Dy3+0.03 to Dy3+0.04 followed by a decline upon increasing the concentration to 
Dy3+0.05. 
 
It is clear from the values of τ and I3that the optimum afterglow performance results from the 
composition Sr0.95Eu2+0.01Dy3+0.04Al2O4, which is the same phosphor composition that 
exhibited the most intense emission and excitation spectra.  A further increase in Dy3+ 
content to Sr0.94Eu2+0.01Dy3+0.05Al2O4thenleads to reduced afterglow persistence.  
Sr0.96Eu2+0.01Dy3+0..03Al2O4displayed a very rapid afterglow decline.  These results indicate 
that when Dy3+ exceeds Dy3+0.04 the increased dysprosium content decreases the distance 
between equivalent Dy3+within the matrix.  As a result, interaction between these equivalent 
sites increases, which leads to charge transfer between Dy3+ sites and results in energy being 
lost through vibrational energy dissipation into the host matrix.  Below Dy3+0.04 it may be 
assumed that the amount of Dy3+ was insufficient to form sufficient trap states to provide 
persistent luminescence, and as such, emptying of the trap states would occur at a more rapid 
rate leading to a shorter persistent luminescence.   
 
Eu2+:Dy3+ratio I1 τ1 (s) I2 τ2 (s) I3 τ3 (s) 
SrAl2O4:Eu2+0.01;Dy3+0.03 0.639 2.99 0.312 48.18 0.049 551.66 
SrAl2O4:Eu2+0.01;Dy3+0.04 0.594 4.76 0.328 59.07 0.078 657.03 
SrAl2O4:Eu2+0.01;Dy3+0.05 0.624 4.02 0.320 54.24 0.056 563.49 
 
Table 4.4  τ and I values for long persistence afterglow of Sr0.99-yEu2+0.01Dy3+yAl2O4 with y 
varied from Dy3+0.03 to Dy3+0.05. 
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Figure 4.14  Afterglow kinetics of Sr0.99-yEu2+0.01Dy3+yAl2O4 with y varied from (a) Dy3+0.03,  (b) Dy3+0.04, (c) Dy3+0.05.  
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The Sr0.94Al2O4:Eu2+0.01;Dy3+0.04 phosphor was compared to a readily available commercial 
phosphor as given in Table 4.5.  The Sr0.94Al2O4:Eu2+0.01;Dy3+0.04 sample exhibits enhanced 
characteristics compared to the commercial sample with an approximate 8% increase in deep 
trap states (I3) and approximately 19% increase for τ3.  Comparison of the intensities 20 
minutes after removal of excitation reveals the emission intensity of the 
Sr0.94Al2O4:Eu2+0.01;Dy3+0.04 sample to be 44% greater than that of the commercial sample.    
 
  
Sample I1 Τ1 I2 Τ2 I3 Τ3 
Sr0.94Al2O4:Eu2+0.01;Dy3+0.04 0.594 4.76 0.328 59.07 0.078 657.03 
Commercial Sample 0.704 9.15 0.217 34.74 0.072 531.57 
 
Table 4.5  Tau (Τ) and Amplitude (I) values for long persistence afterglow of 
Sr0.94Al2O4:Eu2+0.01;Dy3+0.04 and a commercial sample.  
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4.7  Conclusions 
 
These studies have shown that the use of a microemulsion synthesis route lowers the 
temperature required to produce the green emitting SrAl2O4 phase (Figure 4.2) and when 
coupled with the two-stage oxidative pre-calcination route and the addition of boric acid, 
allows phase pure SrAl2O4 to be obtained at 1100°C, which exhibits improved luminescence 
persistence (Figure 4.9) as obtained with the blue phosphor.  A highly homogenous 
distribution of ions was observed with the green phosphor (Figure 4.7) via EDX 
measurements, which leads to efficient charge trapping and transfer mechanisms.  The 
addition of boric acid brought about enhanced phosphorescence by increasing the number of 
deep trap states arising from the uniform distribution of dopant ions in the host lattice (Figure 
4.7) and created adjustments in the stoichiometric ratio of Sr:Al, leading to small strontium 
deficiencies.  Luminescence studies (Figures 4.8 (i and ii) and 4.8) revealed that the SrAl2O4 
matrix is highly sensitive to such shifts in the Sr:Al ratio, with peak intensities of excitation 
and emission, and afterglow decay kinetics, significantly changing with small additions of 
boric acid.  In the present work, the phosphor which exhibited the optimal afterglow 
persistence, Sr0.95Eu2+0.01Dy3+0.04Al2O4 required boric acid additions of only 5 mol%.  Boric 
acid concentrations of 30 mol% or greater resulted in significant wavelength shifting.  The 
addition of high concentrations of the rare earth dopants, europium(II) and dysprosium(III), 
appears to have a similar impact on secondary phase formation as boric acid (Figures 4.3 and 
4.10).  Whereas peak excitation and emission intensities do not vary as significantly as seen 
with boric acid addition, wavelength shifts at the higher dopant concentrations were observed 
(Figure 4.11(ii)).           
Infra-Red spectra demonstrated the replacement of aluminium in AlO4 sites in the SrAl2O4 
matrix by boron BO4 sites (Figure 4.4).  The lower synthesis temperature of 1100°C 
prevented reactions between aluminium and borate species, which then prevented the 
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formation of the aluminium borate glassy phase as an impurity commonly seen at higher 
phosphor synthesis temperatures. 
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CHAPTER 5 
APPLICATION OF MICROEMULSION AND OXIDATIVE PRE-
CALCINATION TO Cr3+ DOPED RED EMITTING NANOPARTICLES 
 
5.1  Introduction 
Much attention has been given to persistent luminescent phosphors with emissions in the blue 
and green regions of the visible spectra.  By comparison, red emitting persistent phosphors are 
a relative new area of research.  A number of host matrices and dopants are currently being 
investigated for red persistent luminescence1-7, however in comparison to blue and green 
emitting phosphors such as SrAl2O4:Eu2+,Dy3+ and Sr4Al14O25:Eu2+,Dy3+ they are 
significantly less efficient and exhibit short persistence.  
 
Chromium(III), the most stable oxidation state of chromium, is commonly utilized as an 
activator ion for red emission in luminescent materials8-10.  Zhong et al.11 reported red 
persistence lasting 2 hours via energy transfer from Eu2+ to Cr3+ in the 
Sr4Al14O25:Eu2+,Dy3+,Cr3+ system.  Zhong et al.11 and Luitel et al.12 have synthesized 
Sr4Al14O25:Eu2+,Dy3+,Cr3+ by solid state and combustion methods respectively.  As 
previously discussed the particles prepared by these synthetic methods are known to have a 
number of limitations arising from surface defects, agglomeration, large sizes and variable 
size distributions13-15.  Of significant importance is the inhomogeneous distribution of dopant 
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ions which results in poor charge transfer mechanisms13, giving rise to inefficient energy 
transfer from Eu2+ to Cr3+.  As described in Chapter 3, the blue emitting 
Sr4Al14O25:Eu2+,Dy3+ synthesized here by the microemulsion synthesis and a two-stage 
calcination procedure exhibited improved persistence, resulting from homogeneous ion 
distribution and efficient trapping and energy transfer.  This study of red emitting phosphors 
examines the application of the microemulsion and calcination route to the synthesis of 
Sr4Al14O25:Eu2+,Dy3+,Cr3+ and its red luminescent persistence.      
 
5.2  Preparation of doped Sr4Al14O25:Eu2+,Dy3+,Cr3+ nanoparticles 
Strontium aluminate nanoparticles doped with europium, dysprosium and chromium 
(Sr4Al14O25:Eu2+,Dy3+,Cr3+) were synthesized following the same procedure adopted for the 
synthesis of SrAl2O4:Eu2+,Dy3+described in Chapter 4 as detailed in  Figure 4.1.  Dopant 
concentrations varied between Eu2+0.01 and Eu2+0.04 for europium, Cr3+0.01 and Cr3+0.04 for 
chromium, whilst the dysprosium concentration was maintained constant at Dy3+0.04 
throughout the study.  The oxidative pre-calcination process with 10 mol% boric acid flux 
(with respect to Sr4Al14O25) described in Chapter 3, produced the most efficient persistent 
luminescence nanoparticles and was employed here. 
 
5.3  Mechanism of Eu2+ to Cr3+ charge transfer  
The process of red persistence within Sr4Al14O25:Eu2+,Dy3+,Cr3+ is the result of prolonged 
energy transfer from Eu2+ to Cr3+.  Weber et al.16 showed that energy transfer from excited 
Eu3+ to Cr3+ was possible, due to Eu3+ emission overlapping the Cr3+ absorption bands.  
Energy transfer from trivalent rare earths to Cr3+ was also reported by Blasse et al.17 who 
attributed the energy transfer to long range electric multipole coupling.  These energy transfer 
processes occurred via both radiative and non-radiative pathways16.  The emission profile of 
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Eu2+ in Sr4Al14O25 strongly resembles that of Eu3+ 1,8, therefore Eu2+ to Cr3+ charge transfer is 
also possible, as reported by Zhong et al.1,11 
 
During doping, chromium(III) replaces aluminum (III) within octahedral sites in the 
Sr4Al14O25 framework.  The energy levels for a typical d3 ion such as Cr3+ in an octahedral 
crystal field are presented in the corresponding Tanabe-Sugano diagram in Figure 5.1. 
 
 
Figure 5.1  Tanabe-Sugano diagram for Cr3+ (d3) in an octahedral field 
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Energy transfer from excited state Eu2+ to Cr3+ results in spin allowed transitions from the 
Cr3+ ground state (4A2) to the (4T2 and 4T1) excited states of Cr3+, followed by intersystem 
crossing to the lowest energy excited level, 2E, as seen in Figure 5.1 and detailed in Figure 
5.2.   
This intersystem crossing proceeds very efficiently due to the excited states 4T2, 4T1 and 2E 
matching the vibrational modes of the lattice closely.  Red phosphorescence occurs as this is a 
spin forbidden transition, and the doublet decays slowly back to the quartet ground state.  The 
red emission is expected to be a narrow doublet emission due to parallel excited state energies 
of 4A2 and 2E as seen in the Tanabe-Sugano diagram.                          
 
Figure 5.2  Mechanism of persistent afterglow with red emission for Cr3+ doped 
Sr4Al14O25:Eu2+,Dy3+ 
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5.4  Influence of chromium on matrix formation  
Since Al3+ can be replaced in the matrix by Cr3+ due to their similar ionic radii (53nm and 
62nm respectively), the influence of Cr3+ doping on phase purity was examined initially.  
Figure 5.3 shows the XRD pattern of the Sr4Al14O25 phosphor co-doped with Eu2+0.01, 
Dy3+0.04and  Cr3+0.04synthesised with a 10 mol% H3BO3 flux and with a final calcination 
temperature of 1100°C.  
 
 
Figure 5.3  XRD pattern ofSr3.91Eu2+0.01Dy3+0.04Cr3+0.04Al14O25 prepared with 10 mol% boric 
acid via oxidative pre-calcination at 1100°C.  
 
It can be seen that compared to the XRD pattern of pure Sr3.95Eu2+0.01Dy3+0.04Al14O25, given 
in Figure 3.17, the XRD pattern of Sr3.91Eu2+0.01Dy3+0.04Cr3+0.04Al14O25 represents a highly 
crystalline, pure, Sr4Al14O25 (# 74-1810) phase with space group Pmma, as observed in 
Chapter 3.  This XRD pattern indicates that at this level of doping, Cr3+ substitution of Al3+ in 
the matrix does not affect the crystallinity, nor produce secondary phases. 
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5.5  Influence of chromium concentration on luminescence      
Figure 5.4 (i) and (ii) shows the excitation and emission spectra for                                       
Sr3.95-xEu2+0.01Dy3+0.04Cr3+xAl14O25wherex varied from Cr3+0.01 to Cr3+0.04.  The excitation 
spectra for all values of x in the range of Cr3+0.01 to Cr3+0.04 exhibit a peak maxima at 369nm, 
similar to those observed for Sr3.95Eu2+0.01Dy3+0.04Al14O25 (Chapter 3), indicating that there is 
no contribution to the excitation spectra from Cr3+in the range of Cr3+0.01 to Cr3+0.04.   
The emission spectra of Sr3.95-xEu2+0.01Dy3+0.04Cr3+xAl14O25 exhibit a weak broad emission 
band centered at 490nm and a sharp doublet emission band at 691nm for all values of x.  The 
emission spectra at 691nm increase in intensity from Sr3.94Eu2+0.01Dy3+0.04Cr3+0.01Al14O25 to 
Sr3.93Eu2+0.01Dy3+0.04Cr3+0.02Al14O25,but then the intensity rapidly decreases for higher Cr 
contents (Sr3.92Eu2+0.01Dy3+0.04Cr3+0.03Al14O25 and Sr3.91Eu2+0.01Dy3+0.04Cr3+0.04Al14O25).  
This behaviour indicates that quenching of Cr3+ fluorescence through excitation energy 
transfer to lattice defects occurs, facilitated by dipole-dipole interactions, and that the critical 
quenching concentration of Cr3+for emission at 691nm within the Sr4Al14O25 matrix is 
between 2 and 3%.  The red emission at 691nm can be ascribed to the spin forbidden 2E 
→4A2 relaxation transition as discussed in Section 5.3, and illustrated in Figure 5.2. 
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Figure 5.4  Excitation (i) andEmission (ii) spectra of Sr3.95-xEu2+0.01Dy3+0.04Cr3+xAl14O25 with 
x equal to (a) Cr3+0.01, (b) Cr3+0.02, (c) Cr3+0.03, and (d) Cr3+0.04. 
(i) 
(ii) 
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The afterglow persistence of Sr3.95-xEu2+0.01Dy3+0.04Cr3+xAl14O25 (where x varies from 
Cr3+0.01 to Cr3+0.04) is given in Figure 5.5.  All samples showed an initial rapid decay followed 
by persistence in phosphorescence.  Values for the time constants τ1 τ2 and τ3 and the 
amplitude factors I1 I2 and I3 are given in Table 5.1.  Comparison of the τ and I3 values shows 
the optimum persistence afterglow is seen for composition 
Sr3.94Eu2+0.01Dy3+0.04Cr3+0.01Al14O25, indicating that an optimal atomic ratio for efficient 
energy transfer of Eu2+ to Cr3+ is one to one.  A further increase in Cr3+ content to 
Sr3.93Eu2+0.01Dy3+0.04Cr3+0.02Al14O25 leads to reduced persistence of afterglow. Further 
increasing the Cr3+ content to Sr3.92Eu2+0.01Dy3+0.04Cr3+0.03Al14O25 and 
Sr3.91Eu2+0.01Dy3+0.04Cr3+0.04Al14O25  leads to the values for τ3 and I3 rapidly decreasing.   
 
Chromium Concentration I1 τ1 (s) I2 τ2 (s) I3 τ3 (s) 
Cr3+0.01 0.613 4.77 0.329 45.58 0.057 491.88 
Cr3+0.02 0.594 4.74 0.346 42.86 0.060 471.25 
Cr3+0.03 0.614 5.25 0.339 44.40 0.048 403.88 
Cr3+0.04 0.589 5.09 0.365 41.43 0.047 396.20 
 
Table 5.1  τ and I values for persistence afterglow of Sr3.95-xEu2+0.01Dy3+0.04Cr3+xAl14O25 with 
x equal to (a) Cr3+0.01, (b) Cr3+0.02, (c) Cr3+0.03, and (d) Cr3+0.04. 
 
The values for the time constant τ1 for the shallow traps I1 in 
Sr3.92Eu2+0.01Dy3+0.04Cr3+0.03Al14O25 and Sr3.91Eu2+0.01Dy3+0.04Cr3+0.04Al14O25 were observed 
to increase in comparison to the most efficient Sr3.94Eu2+0.01Dy3+0.04Cr3+0.01Al14O25 phosphor.  
As described in Section 3.4, and illustrated in Figure 3.12 these are two types of Al3+ site in 
the Sr4Al14O25 matrix corresponding to tetrahedral AlO4 and octahedral AlO6, providing two 
sites produced by Dy3+ substitution in the lattice, denoted Dy1 and Dy2.  Zhong et al. 
proposed that increasing the Cr3+ concentration leads to an increase in shallow trap states due 
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to Cr3+occupying Al3+ sites within the host matrix being surrounded by Al3+, denoted Dy1 
sites, and Dy2 sites which are surrounded by Al3+ and at least one neighboring Cr3+ ion. 
Zhong et al. suggested that the trap depth of Dy2 is reduced compared to that of Dy1, due to 
the proximity of the neighboring Cr3+ ions, resulting in a shallower trap state and therefore 
reducing the number of deep trap states giving rise to less efficient persistent luminescence.  
The reduced quantity of deep trap states coupled with the fluorescence quenching through 
excitation energy transfer observed in Figure 5.4(ii) for both 
Sr3.92Eu2+0.01Dy3+0.04Cr3+0.03Al14O25 and Sr3.91Eu2+0.01Dy3+0.04Cr3+0.04Al14O25  result in the 
observed rapid decrease of afterglow persistence.    
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Figure 5.5  Afterglow kinetics of Sr3.95-xEu2+0.01Dy3+0.04Cr3+xAl14O25 excited at369nmwith emission at 691nm, with x equal to (a) Cr3+0.01, (b) Cr3+0.02, 
(c) Cr3+0.03, and (d) Cr3+0.04.
9 
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5.6  Influence of europium concentration on luminescence 
As seen in Figure 5.4(i) peak excitation occurs at 369nm where there is no contribution to 
excitation by Cr3+.  Figure 5.6 presents the emission spectra of                                             
Sr3.95-xEu2+xDy3+0.04Cr3+0.01Al14O25 where the  Eu2+ content x, varies from Eu2+0.01 to 
Eu2+0.04, and it can be seen that all the spectra exhibit a weak broad emission band centered at 
490nm and a sharp emission band at 691nm for all values of x.  Here, the maximum intensity 
of the 691nm phosphorescence band is observed with Sr3.92Eu2+0.03Dy3+0.04Cr3+0.01Al14O25.  
Previous work12, based on combustion and solid-state processes has found that increasing the 
Eu2+ concentration had a significant effect on the weak broad band emission centered at 
490nm, which concurrently increased in intensity.  In the present case, it can be seen that the 
concentration of Eu2+ has little effect on the weak broad emission band at 490nm, although 
significant increases to the red emission band at 691nm were observed.  This indicates 
efficient charge transfer occurring with an increasing Eu2+ concentration, and may be 
attributed to the homogeneous distribution of dopant ions achieved with the microemulsion 
synthesis technique.  Concentration quenching of Eu2+ was observed between Eu2+0.03 and 
Eu2+0.04, as was also seen with the blue phosphors (Figure 3.10(b)) which can attributed to the 
transfer of excitation energy to lattice defects via dipole-dipole interactions.                  
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Figure 5.6  Emission spectra for of Sr3.95-xEu2+xDy3+0.04Cr3+0.01Al14O25 with x equal to (a) 
Eu2+0.01 (b) Eu2+0.02 (c) Eu2+0.03 and (d) Eu2+0.04. 
 
The afterglow decay kinetics of Sr3.95-xEu2+xDy3+0.04Cr3+0.01Al14O25 where x varied from 
Eu2+0.01 to Eu2+0.04 are shown in Figure 5.7 and the corresponding tau and amplitude values 
are given in Table 5.2.  All samples showed an initially rapid decay followed by persistent 
phosphorescence. Increasing the concentration of Eu2+ from 
Sr3.94Eu2+0.01Dy3+0.04Cr3+0.01Al14O25 through to Sr3.92Eu2+0.03Dy3+0.04Cr3+0.01Al14O25 resulted 
in a significant increase in persistent luminescence properties, with the optimal values of τ 
and I being achieved for Sr3.92Eu2+0.03Dy3+0.04Cr3+0.01Al14O25, while further increasing the 
Eu2+ concentration to Sr3.91Eu2+0.04Dy3+0.04Cr3+0.01Al14O25 resulted in a rapid decline in τ and 
I values. 
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Figure 5.7  Afterglow kinetics of Sr3.95-xEu2+xDy3+0.04Cr3+0.01Al14O25 excited at369nmwith emission at 691nm, with x equal to (a) Eu2+0.01, (b) 
Eu2+0.02, (c) Eu2+0.03, and (d) Eu2+0.04. 171 
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These results indicate that increasing the Eu2+ concentration results in an increased number of 
Eu2+ ions within the proximity of the Cr3+ centers, which leads to increased charge transfer 
via radiative and non-radiative pathways resulting in an efficient red-emitting persistence 
afterglow.  Charge transfer efficiency, and therefore afterglow persistence is seen to decrease 
upon reaching a Eu2+ concentration of Eu2+0.04 due to concentration quenching of Eu2+ (Figure 
5.4(ii)) arising from the decreased distance between equivalent Eu2+ ions within the matrix.                 
  
Chromium Concentration I1 τ1 (s) I2 τ2 (s) I3 τ3 (s) 
Eu2+0.01 0.614 4.77 0.329 45.58 0.057 491.88 
Eu2+0.02 0.603 5.58 0.335 51.68 0.062 526.32 
Eu2+0.03 0.592 7.22 0.342 63.45 0.066 638.16 
Eu2+0.04 0.589 4.80 0.350 44.76 0.061 406.01 
 
Table 5.2  τ and I values of afterglow persistence for Sr3.95-x Eu2+x,Dy3+0.04,Cr3+0.01Al14O25 
with x equal to (a) Cr3+0.01, (b) Cr3+0.02, (c) Cr3+0.03, and (d) Cr3+0.04. 
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5.7  Conclusions 
In this chapter, the results of applying microemulsion synthesis and the two stage calcination 
technique to red emitting phosphor compositions, Sr4Al14O25:Eu2+,Dy3+,Cr3+ is now 
described here.  The phosphor composition which exhibited the optimal afterglow persistence 
was found to be Sr3.92Eu2+0.03Dy3+0.04Cr3+0.01Al14O25, corresponding to dopant concentrations 
relative to strontium of 0.75 atom% Eu2+, 1 atom% Dy3+ and 0.25 atom% Cr3+.  These 
concentrations are significantly lower than those observed for solid-state and combustion 
synthesis techniques, which have reported optimal dopant concentrations of 1 atom% Eu2+, 2 
atom% Dy3+ and 1 atom% Cr3+ formed via a solid-state process11, and 4 atom% Eu2+, 8 
atom% Dy3+ and 4 atom% Cr3+ needed with combustion synthesis12, indicating the 
microemulsion technique provides an increase in charge transfer efficiency between Eu2+ and 
Cr3+ dopant sites, due to the homogeneous distribution of the dopant ions within the 
Sr4Al14O25 matrix.  The kinetic decay profile of the persistent phosphorescence at 691nm was 
observed to be comparable to that of the green emitting SrAl2O4:Eu2+,Dy3+ phosphor (Table 
4.4, Figure 4.14), exhibiting a significant increase of approximately 30-40% in persistent 
phosphorescence compared to the rapid decay of phosphorescence reported for red-emitting 
phosphors prepared by solid-state and combustion synthesis techniques11-12.  This increase in 
phosphorescence persistence is attributed to the greater number of charge transfers possible in 
the homogeneous state that results from the microemulsion synthesis technique, as well as the 
increase in deep trap states arising from the two stage calcination procedure as observed in 
Chapter 3.       
 
The kinetic decay parameters of the afterglow of Sr4Al14O25:Eu2+0.01,Dy3+0.04,Cr3+x,where x 
varies from 0.25 to 1 at.% presented in Table 5.1, indicates that increasing the Cr3+ 
concentration reduced the number of deep trap states (I3) which gives rise to an increase in 
the proportion of shallower trap states (I1 and I2) through the interaction with Dy3+ dopant 
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sites. This thus leads to a reduction in the afterglow persistence behavior.  These observations 
validate the proposed mechanism for red afterglow persistence in 
Sr4Al14O25:Eu2+,Dy3+,Cr3+assuggested by Zhong et al.11 described in Chapter 5.    
 
Finally it is noteworthy that these termed “red” phosphors actually appear blue to the naked 
eye as a result of their total emitted fluorescence, which has two components; the broad band 
at 490nm (in the blue) and the much narrower band at 691nm (in the red).  Although red 
fluorescence takes place with a significant intensity at 691nm the integrated photon intensity 
is dominated by the greater broad intensity of the blue-green emission.  Clearly, the challenge 
remains is to find a rare earth dopant ion which enables efficient energy transfer to Cr3+ to 
generate the red fluorescence, without the rare earth exhibiting such significant fluorescence 
emission in the blue-green region of the visible spectrum.      
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CHAPTER 6 
CONCLUSIONS 
 
This work examined the synthesis of strontium aluminate based long persistence nano-
phosphors doped with Eu2+and Dy3+ lanthanide ions, and the transition metal, Cr3+, prepared 
by a microemulsion route, and followed by calcination in terms of theirstructural, 
morphological and spectral characteristics. 
 
A quaternary microemulsion system based on heptane and water, capable of solubilizing 
metal salt solutions with concentrations up to 1.75 mol/L was developed for the synthesis of 
the strontium aluminate nano-phosphors precursors.  Blue emitting Sr4Al14O25:Eu2+,Dy3+ was 
prepared via this microemulsion route for the first time, and it was found that in the presence 
of an appropriate quantity of boric acid the formation temperature of pure highly crystalline 
doped Sr4Al14O25 phase was lowered by between 200-300°C.  Similarly the green emitting 
SrAl2O4:Eu2+,Dy3+ phosphor also exhibited a reduction in the temperature required for phase 
purity of between 150-300°C when the microemulsion route was applied.  The reduction in 
calcination temperature and use of the microemulsion route were able to produce 
nanoparticles of both doped Sr4Al14O25 and SrAl2O4 which contained a uniform distribution 
of the dopant ions into the host lattice and which were near spherical in shape, had narrow 
size distributions and minimal aggregation.   
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The use of boric acid provided enhanced the phosphorescence for both doped Sr4Al14O25and 
SrAl2O4via an isomorphous substitution of BO4 for AlO4,as shown by infra-red and x-ray 
diffraction, and which resulted in increased electron trap depths as well as adjustments in the 
Sr/Al stoichiometric ratio of the host matrix.  Concentrations of boric acid exceeding 30 
mol% were shown to reduce the phosphorescent properties of both doped Sr4Al14O25 and 
SrAl2O4 through degradation of this host matrix. 
 
The two-stage calcination procedure involving an oxidative pre-calcination followed by a 
reductive calcination was applied for the first time to the preparation of doped Sr4Al14O25.  
Afterglow persistence spectra showed increases of approximately 60% in deep trap states (I3) 
and an approximately 50% increase for the time constant of afterglow persistence (τ3) when 
compared to the conventional single stage calcination method.  Oxidative pre-calcination 
halved the concentration of boric acid required to achieve the optimal photolumincent 
properties, removed the BO3 glassy phase impurities as seen by IR, and also removed the 
carbon deposition present when utilizing the single stage calcination pathway.  As a result of 
these enhanced properties, the oxidative pre-calcination route was also applied to the 
preparation of doped SrAl2O4.  As with Sr4Al14O25, the SrAl2O4phosphor required smaller 
boric acid concentrations to produce a phase pure, highly crystalline phosphor, which also 
exhibited optimal afterglow persistence properties with increases in I3 and τ3 of 50% and 60% 
respectively, when compared to the single stage calcination route. 
 
Energy dispersive X-ray microanalyses and photo-luminescent spectra showed that the 
distribution of the dopant ions Eu2+ and Dy3+was highly homogeneous in both Sr4Al14O25 and 
SrAl2O4 matrices, which led to more efficient charge transfer mechanisms between 
equivalent Eu2+ sites, while at lower concentrations than previously reported.  The quenching 
concentration of Eu2+, with emission at 490nm for Sr4Al14O25 and 520nm for SrAl2O4 was 
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shown to be one sixth and two thirds respectively of that previously reported and this was 
attributed to the highly homogeneous distribution of the dopant ions when formed within the 
nano-scale microemulsion micelles.       
 
The microemulsion route coupled with oxidative pre-calcination was now applied to red 
emitting Cr3+ doped Sr4Al14O25:Eu2+,Dy3+. Again, the concentration levels required of the 
dopants, in this case Cr3+, were significantly lower compared to those previously reported as a 
result of the homogenous distribution of the composition increasing the charge transfer 
efficiency between Eu2+ and Cr3+ within the host matrix. Modest increases in afterglow 
persistence were observed, exhibiting an approximate increase in phosphorescence 
persistence of 30-40%, due to this homogeneity increasing the trap states, during the oxidative 
pre-calcination process. 
 
The experimental results reported here suggest that the limit of efficiency of the red 
phosphors based on strontium aluminate matrices has been reached.  However improvements 
in the blue, green and red emissions of phosphors in the nano-scale region may be feasible 
with different elemental combination of lanthanides or transition metal dopants.  Finally, it 
should be noted that, in the case of the red phosphor, an appropriate blend of other phosphors 
emitting in the blue, green and yellow wavelengths may achieve a persistent white emitting 
material.        
 
  
 
